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Comparative studies of terrestrial planets have provided important insights into physico-
chemical processes that produced their similarities and differences. Chemical composition of
terrestrial planets records planetary accretion, differentiation, impact, and surface processes. In
order to place new constraints on the origin and evolution of rocky planets, I investigated chem-
ical compositions of terrestrial planets and meteorites from primitive asteroids (chondrites).
Compositional models of planets have found or assumed chondritic relative abundances of
refractory lithophile elements (RLE). I challenge this fundamental paradigm by showing highly
variable RLE ratios in individual chondrules from enstatite chondrites (EC), which are highly
reduced primitive meteorites with Earth-like isotopic signatures. The fractionated RLE compo-
sitions of EC chondrules reflect moderately chalcophile behaviors of these elements and sulfide-
silicate separation in highly reduced nebular environments. If the Earth’s building blocks were
dominated by highly reduced EC-like materials, they should not have been affected by a physical
sorting of silicates and sulfides before their accretion. Alternatively, the Earth’s precursors might
have been high-temperature nebular materials that condensed before precipitation of the RLE-
bearing sulfides. The bulk Mercury might not have chondritic RLE ratios, due to sulfide-silicate
separation processes that formed its large metallic core.
Previous compositional models of Mars relied on an assumption of CI-chondritic relative
abundance of Mn and more refractory elements, which has been challenged by recent astrophys-
ical observations. Here I propose a new martian model composition that avoids such an assump-
i
tion, using data from martian meteorites and spacecraft observations. The new model finds that
Mars is enriched in refractory elements and show a systematic depletion of moderately volatiles
as a function of their volatilities compared to the CI abundance. The Mars’ volatile depletion
trend indicates a S-poor composition for the martian core, which requires an incorporation of
additional light elements (e.g., O, H) into the core to match the martian geodetic properties.
Earth and Mars are equally enriched in refractory elements, although Earth is more volatile-
depleted and less oxidized than Mars. These compositional properties were established by a
nebular fractionation, with negligible post-accretionary losses of moderately volatile elements.
The degree of planetary and asteroidal volatile element depletion might correlate with the abun-
dances of chondrules in the accreted materials, planetary size, and their accretion timescale.
During its prolonged formation, the Earth likely accreted more chondrules and less matrix-like
materials than Mars and chondritic asteroids.
The correlations between these planetary properties constrain the composition and origin of
Mercury, Venus, the Moon-forming giant impactor, and the proto-Earth. These observations,
combined with the shared refractory enrichment in Earth and Mars, and insights from planetary
uncompressed densities, establishes the compositional model of Mercury. Uncompressed den-
sities of rocky bodies in the solar system decrease with their heliocentric distance, indicating
a role of disk-scale metal-silicate separation before the planetary accretion, rather than post-
accretionary modification processes.
Insights presented here update our knowledge of the origin of rocky planets in our solar
system, and provide future perspectives on studies of chemistry of (extra)solar system bodies.
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Terrestrial planets in our solar system (i.e., Mercury, Venus, Earth, and Mars, in the order of
increasing heliocentric distance) have variable chemical and physical properties. Among these
rocky planets, Earth is the only habitable planet on which a liquid water is available and thus life
can exist. Fundamental questions are: How Earth formed and evolved to the present-day state?
Is Earth a unique planet in the universe?
To find answers for these questions, it is useful to compare the Earth’s chemical and phys-
ical properties with those of other planetary bodies. This approach, termed comparative plan-
etary science (Gamow, 1941), have been applied to a wide variety of planetary features, such
as atmosphere (Pepin, 2006), craters (Michael and Neukum, 2010), geodetic properties (Yoder,
1995), crusts (Taylor and McLennan, 2009), volcanoes (Byrne, 2020), and chemical composi-
tions (Urey, 1951; Ringwood, 1966; Morgan and Anders, 1980; Wänke, 1981), to characterize
nature of each rocky planet. Among these approaches, cosmochemical studies of solar system
materials, especially rocks, can provide important insights into origin and evolution histories of
1The text, tables and figures in this chapter were written by T. Yoshizaki.
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these planetary bodies. However, there are limited numbers of studies which tried to reveal the
origin of Earth and other rocky planets based on detailed comparison of their chemical compo-
sitions. This thesis seeks to provide new insights on chemical composition of rocky bodies in
our solar system and their formation history.
In this section, I review and summarize some basic aspects of planetary science and cos-
mochemistry, by presenting present models of the solar system formation and evolution ( Sec-
tion 1.2), properties of terrestrial planets in our solar system and primitive meteorites (Sec-
tion 1.3 and Section 1.4, respectively), solar system abundances of elements (Section 1.5) and
their classifications (Section 1.6), compositional models of terrestrial planets (Section 1.7), and
previous proposals for the building blocks of planets (Section 1.8). In Section 1.9, I summa-
rize fundamental questions related to the formation history of Earth and other terrestrial planets,
which are tackled in this Ph.D. project.
1.2 Origin and evolution of the solar system
A formation of star and planetary system begins through a gravitational collapse of dense
regions in cold (10–20 K) molecular clouds (e.g., McKee and Ostriker, 2007). In the molecular
clouds, gas is mainly composed of H, He and minor highly volatile compounds, and other less
volatile atoms are hosted in solid phases such as rocky ice and dust. These solid components
in the molecular clouds are inherited from older dying stars or originated in condensation and
evaporation processes in interstellar space.
Following the collapse of a molecular cloud and the star formation, the rest of gas and dust
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form a circumstellar nebular disk rotating the central star within ∼104 years (Figure 1.1; Yorke
et al., 1993; Hueso and Guillot, 2005), and the disk temperature begins to decrease. The Sun at
the stage of the collapse and accretion is referred to as classes 0 (protostellar phase) to II (T Tauri
phase) (Lada andWilking, 1984; Lada, 1987). As the gas cooled down, solids begin to condense
from the gas. Among materials in our solar system, refractory Ca, Al-rich inclusions (CAI) pre-
served in chondritic meteorites yield the oldest absolute ages among the solar system materials
(4567.30 ± 0.30 million years (Myr); Connelly et al., 2012), and record nucleosynthetic isotopic
anomalies that indicate their formation during the Sun’s transition from the class 0 to II (e.g.,
Brennecka et al., 2020). In addition, their mineralogy and chemical compositions are consistent
with their formation through a high-temperature gas-solid processes (e.g., MacPherson, 2014;
Hu et al., 2021). The crystallization age of the oldest CAI is adopted to define the absolute age
of our solar system.
After the formation of the oldest condensates, the solid and gas phases are processed within
the disk, and accreted to form large bodies such as planetesimals and planets. A type of final
products of this accretion process changes depending on location within the disk; rocky bodies
(e.g., Earth, Mars, Mercury, Venus) form within ∼4 astronomical units (AU; 1 AU is defined as
the Earth-Sun distance) from the Sun, whereas at a distant region, accreting bodies are dominated
by highly volatile, gaseous species and ice (e.g., Jupiter, Saturn, Uranus, Neptune). Thus, the
solar system is commonly considered to be divided into inner and outer parts, with a boundary
locating between orbits of Mars and Jupiter, which corresponds to the snow line of water (Lecar
et al., 2006). Planetary bodies have grown rapidly within the accretionary disk, and their interior
have experienced various degrees of melting depending on amounts of heat from accretionary
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Figure 1.1. (A) Hubble Space Telescope image of cosmic gas and dust of the Eagle Nebula
(M16). Image credits: NASA, ESA and the Hubble Heritage Team (STScI/AURA). (B) An
image of the protoplanetary disk around HL Tauri taken by the ALMA telescope. Image credits:
ALMA (NRAO/ESO/NAOJ); C. Brogan, B. Saxton (NRAO/AUI/NSF).
and differentiation energies and a decay of short-lived radionuclides such as 26Al and 60Fe.
During and after a main stage of the accretion, planetary collisions might have contributed to
a further growth or erosion of these bodies, which possibly produced planetary satellites (Canup
and Asphaug, 2001; Canup, 2004, 2008). Small planetary bodies that have escaped from in-
corporation into larger bodies are preserved as asteroids and comets in the present-day solar
system. Asteroids are a major source of extraterrestrial materials, termed meteorites, sampled
on the Earth surface.
1.3 Properties of terrestrial planets and the Earth’s Moon
Our solar system contains four Earth-like terrestrial planets (Figure 1.2 and Table 1.1). They
are composed by metallic core and surrounding silicate mantle, whose surface is covered by
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Figure 1.2. Images of terrestrial planets in our solar system and the Earth’s Moon. Each
white bar corresponds to 1000 km. Image credits: Mercury–NASA/JHUAPL; Venus–
NASA/JPL-Caltech; Earth–NASA/Apollo 17 crew; ESA/MPS/UPD/LAM/IAA/RSSD/INTA/
UPM/DASP/IDA.
an envelope of gases, and for Earth, water. Geodetic and seismological constraints on physical
properties of terrestrial planets, such as mass, density and moment of inertia (MOI), are vari-
able each other. The physical variations among rocky planets should have been associated with
planetary-scale compositional variations, although their origin remains poorly constrained and
highly controversial.
1.3.1 Mercury
Mercury, whose orbit being the closest to the Sun among the solar system planets, is charac-
terized by its smallest diameter and highest density among the solar system planets (Table 1.1).
The high density of Mercury indicates a large metallic core, possibly due to collisional strip-
ping its silicate mantle by a giant impact (e.g., Benz et al., 1988, 2007; Cameron et al., 1988),
multiple hit-and-run collisions (e.g., Asphaug and Reufer, 2014), accretion of metal-rich ma-
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Table 1.1. Properties of terrestrial planets and the Earth’s Moon in our solar system.
Data are from NASA Planetary Fact Sheet (https://nssdc.gsfc.nasa.gov/planetary/
factsheet/), otherwise noted.
Unit Mercury Venus Earth Moon Mars
Mass 1024 kg 0.330 4.87 5.97 0.073 0.642
Diameter km 4879 12104 12756 3435 6792
Mean density kg/m3 5429 5243 5514 3340 3933
Gravity m/s2 3.7 8.9 9.8 1.6 3.7
Distance from the Sun
106 km 57.9 108.2 149.6 0.384a 227.9
AU 0.387 0.723 1 - 1.52
Moment of inertia - 0.346b 0.329–0.341v 0.3307d 0.3932e 0.3639f
Mean surface temperature K 440 737 288 253 208
Surface pressure bar 0 92 1.014 0 2
Number of Moons - 0 0 1 0 2
Global magnetic field - Yes No Yes No No
a The average distance from Earth.
b Margot et al. (2018).
v Zhang and Zhang (1995) and Aitta (2012).
d Chambat et al. (2010).
e Konopliv et al. (2001).
f Konopliv et al. (2016).
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terials (e.g., Weidenschilling, 1978; Wurm et al., 2013; Wurm, 2018; Kruss and Wurm, 2018,
2020), and/or condensation of metal-rich solids (Lewis, 1972; Ebel and Alexander, 2011). Re-
cent observations of Mercury by the MESSENGER spacecraft largely increased our knowledge
on present-day properties of the planet (Solomon et al., 2018 and references therein). The surface
of Mercury is covered by numerous craters with multiple smooth plains, which are considered to
have originated in volcanic or impact-produced melting events (Head et al., 2008; Blewett et al.,
2011). The high S and low Fe abundances in the Mercury’s surface indicates highly reducing
conditions for the Mercury’s formation (Nittler et al., 2011). Observations of volatile-rich sur-
face composition by MESSENGER exclude formation models of Mercury that require extreme
heating of the planet (Peplowski et al., 2011). Mercury has a global magnetic field, suggesting
a partially molten state of its metallic core (Anderson et al., 2011).
1.3.2 Venus
Venus. the Earth’s nearest neighbor, has important parameters that are similar to those of
our planet (e.g., size, density, distance from the Sun, presence of atmosphere), whereas they are
distinct in other properties (e.g., presence/absence of intrinsic dynamo, atmospheric density and
composition, surface temperature). The size and average density of Venus are only 5% smaller
than the Earth’s (Table 1.1). The presence of a thick atmosphere surrounding the Venus’ surface
clearly distinguish the planet fromMercury andMars that have no or very thin surface envelopes
of a gas, whereas its massiveness and CO2-dominated composition is distinct from those of the
terrestrial atmosphere (Fegley et al., 1997). The geological morphology of the venusian surface
suggests basaltic volcanism and tectonic deformation processes, although there is no evidence
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for a global plate tectonics (Basilevsky and Head, 2003). The absence of an internally gener-
ated magnetic field on Venus indicates completely molten (Stevenson et al., 1983) or solidified
(Arkani-Hamed and Toksöz, 1984) core, whereas its tidal response prefers a presence of fluid
core (Konopliv and Yoder, 1996). Limited geochemical measurements of the venusian surface
indicates compositional similarities between Venus’ crust and terrestrial basalts (Surkov et al.,
1984, 1986, 1987; Volkov et al., 1986).
1.3.3 Earth
Earth has many unique characteristics when compared with other solar system planets in
many aspects. Its most notable features are the presence of active plate tectonics and liquid wa-
ter on its surface. Earth has a global magnetic field which is generated by a liquid outer core.
Thanks to these properties, Earth is the only habitable body in the present-day solar system
(Cockell et al., 2016; Ehlmann et al., 2016). Detailed laboratory measurements of abundant
types and large amounts of rock samples from Earth, combined with precise and detailed geode-
tic and seismological observations, have been providing many useful insights into the origin and
evolution of the blue planet. The planet consists of multiple layers including: metallic inner
(solid) and outer (liquid) core, silicate mantle and continental and oceanic crusts, hydrosphere
and atmosphere. However, the limited direct access to the Earth’s interior leaves many questions
related to the early stage of its formation (e.g., accretion, core-mantle differentiation; Halliday,
2014 and references therein) and its present-day status (mantle homogeneity, mineralogy at the
core-mantle boundary, heat sources; McDonough and Sun, 1995; Allègre et al., 1995; Lyubet-
skaya and Korenaga, 2007; Palme and O’Neill, 2014; Ballmer et al., 2017; Mashino et al., 2020).
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These uncertainties in the Earth’s formation and evolution history emphasizes the importance
of studies and comparisons of other rocky bodies, including those in exoplanetary systems.
1.3.4 The Earth’s Moon
The Earth’s Moon is characterized by its size ratio relative to Earth (27% in diameter), which
is the largest than any other satellite-planet system in the solar system. The size, orbital angular
momentum and chemical and isotopic compositions of the Moon provide constraints on the
origin of the Earth-Moon system (Wiechert et al., 2001; Zhang et al., 2012; Touboul et al.,
2015). Currently, theMoon is widely considered as a product of a giant impact of a hypothesized
impactor (known as Theia) to the proto-Earth (Canup and Asphaug, 2001; Lock et al., 2018;
Hosono et al., 2019), although the details of this process remain controversial. Alternatively,
Rufu et al. (2017) proposed a multiple small impact model for the origin of the Earth-Moon
system. The low density of Moon reflects silicate-dominated interior, geodetic and seismic data
indicates a presence of small core (<2% in mass; Garcia et al., 2011). Spacecraft observations
and analyses of lunar rock samples indicates strong volatile depletion in the Moon (e.g., Wolf
and Anders, 1980), whereas multiple recent studies find evidence for water and other volatile
species in Moon (Saal et al., 2008; Boyce et al., 2010; Hauri et al., 2011).
1.3.5 Mars
Mars is the second best-explored planet in our solar system, thanks to >60 space missions
(with ∼50% being successful) and cosmochemical studies on >600 samples of martian mete-
orites (e.g., shergottites, nakhlites, chassignites (SNC)), which have enabled us to treat the planet
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as a geologic body rather than an astronomical object (McSween and McLennan, 2014). The
planet, whose surface red color is attributed to the presence of iron oxide in its surface regolith,
is characterized by its small size and density and an old Hf-W age (τ′ ∼ 2 Myr, where τ′ age rep-
resents a timing for an accretion of 44% of the planetary mass), which indicate the Mars’ status
as a planetary embryo (Chambers and Wetherill, 1998; Dauphas and Pourmand, 2011; Kruijer
et al., 2017b; Bouvier et al., 2018). Its surface is covered by a ∼50 km-thick crust, which shows
global-scale topographic dichotomy (Wieczorek and Zuber, 2004). There is no evidence for
plate tectonics or crustal recycling of martian crust, whereas multiple volcanic activities might
have been occurred continuously until recently (Neukum et al., 2004; Baratoux et al., 2011,
2013). The high volatile concentrations (e.g., H, S) of martian meteorites indicate the Mars’
volatile-rich composition, which is supported by the crustal compositions (Taylor et al., 2006a;
Boynton et al., 2007; Taylor and McLennan, 2009). The density and moment of inertia of Mars
indicates a presence of metallic core, whose size, composition and status (fully molten, partially
liquid, or solid) remains controversial (e.g., Acuña et al., 1999; Stevenson, 2001; Rivoldini et al.,
2011; Khan et al., 2018; Yoshizaki and McDonough, 2020b). Another characteristic feature of
Mars is an occurrence of two satellites, Phobos and Deimos, which might have formed by a giant
impact (Craddock, 2011; Citron et al., 2015; Hyodo et al., 2017; Canup and Salmon, 2018) or
asteroidal capture (Burns, 1978; Murchie et al., 1991).
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1.4 Properties of primitive asteroidal samples
1.4.1 Classification of meteorites
Meteorites are solid extraterrestrial materials originated in asteroids, planets, and their satel-
lites, and reached the Earth’s surface (Figure 1.3). Most of meteoritic samples are originated in
small bodies in the asteroidal belt, which is located between the orbits of Mars and Jupiter (2–3.3
AU), whereas some of them are samples from larger bodies such as Moon and Mars, and possi-
bly bodies beyond the Jupiter’s orbit (e.g., DeMeo and Carry, 2014; Desch et al., 2018; Fu et al.,
2020; Bryson et al., 2020). There is no meteorite sample identified to be derived from Mercury
or Venus (Weber et al., 2016), whereas dynamical calculations suggest delivery of mercurian or
venusian rocks to the Earth’s surface at only 2–3 times lower frequencies than those of martian
meteorites (Gladman and Coffey, 2009).
Meteorites which is observed their fall to Earth are called fall, whereas those not related to
any fall events are classified as find. Based on petrological textures, meteorites are divided into
differentiated and undifferentiated groups. Differentiated meteorites experienced an extensive
melting and differentiation in their parent bodies, and further divided into iron, stony-iron and
stony meteorites, which correspond different part of bodies differentiated into a silicate shell and
a metallic core.
Among themeteoriticmaterials, chondriticmeteorites (or chondrites), one of stonymeteorite
classes, are of particular importance in the studies of early solar system and planetary formation,
since they are sedimentary rocks formed in the protoplanetary disk that have never experienced
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Figure 1.3. Photographs of sliced chips of four major classes of meteorites: (A) chondrite, (B)
achondrite, (C) stony-iron meteorite, and (D) iron meteorite. (A) The Allende carbonaceous
chondrite, which consists of a various kinds of protoplanetary disk materials such as refractory
nebular condensates, chondrules, organic compounds, and presolar grains (Grossman, 1975;
Zenobi et al., 1989; Pravdivtseva et al., 2020). The long dimension of the sample is∼2.5 cm. Im-
age credit: T. Yoshizaki. (B) The Johnstown achondritic meteorite (diogenite) that is considered
to have originated from a silicate fraction of the differentiated asteroid 4 Vesta (Burbine et al.,
2001; Ruzicka et al., 1997). The specimen is ∼10 cm wide. Image credit: Daniel Ball/Planetary
Geology/ASU. (C) The Krasnojarsk pallasite (stony-iron) meteorite that contains yellow olivine
crystals embedded in a metal matrix. The stony-iron meteorites are considered to be a mixture
of core and mantle materials of differentiated bodies. No scale information is available for this
image, but the long dimension of the sample might be ∼10 cm. Image source: C.v.Schreibers,
Public domain, via Wikimedia Commons. (D) The Toluca non-magmatic iron meteorite that
show the Widmanstätten pattern. The magmatic iron meteorites are originated in metallic cores
of differentiated bodies, whereas non-magmatic ones might have originated from partial melting
in asteroidal bodies and/or impact events. The specimen is about 10 centimeters wide. Image
credit: H. Raab.
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melting events. Therefore, chondrites preserve remnants of the accretionary disk materials and
records of nebular chemical fractionation processes, and thus they are commonly considered to
represent planetary building blocks (e.g., Ringwood, 1961a; Wood, 1962; Anders, 1964, 1971,
1977; Ganapathy and Anders, 1974).
1.4.1.1 Major classes of chondrites
Chondrites are classified into three major classes (enstatite, ordinary and carbonaceous)
based onmineralogy, petrology, redox state, and chemical and isotopic compositions (Table 1.2).
Each chondrite class consists of several subgroups. Enstatite chondrites are subdivided into
iron-rich EH and iron-poor EL groups. Ordinary chondrites include H, L and LL groups, in
the order of decreasing iron contents of the bulk rocks. There are eight major groups in car-
bonaceous chondrites that are named after names of representative samples: CI (Ivuna-like),
CM (Mighei-like), CR (Renazzo-like), CO (Ornans-like), CV (Vigarano-like), CK (Karoonda-
like), CH (Alan Hills 85085-like), and CB (Bencubbin-like). In addition, there are several rare
classes of chondrites such as R (Rumuruti-like), K (Kakangari-like) and G (Grosvenor Moun-
tains (GRO) 95551-like), and ungrouped ones including Tagish Lake and Acfer 094.
13
Table 1.2. Properties of chondrite groups (after Scott and Krot, 2014; Weisberg et al., 2015).
Carbonaceous Ordinary Enstatite Others
CI CM CO CV CR CH CBa CBb CK H L LL EH EL K R G
Chondrules (vol%) <5 20 40 45 50–60 70 40 30 15 60–80 60–80 60–80 60–80 60–80 20–30 >40 77
Matrix (vol%) 95 70 30 40 30–50 5 <5 <5 75 10–15 10–15 10–15 <0.1–10 <0.1–10 70 35 NF
CAI (vol%) <0.01 1.2 1 3 0.12 0.1 <0.1 0.1 0.2 0.01–0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 NF
Metal (vol%) <0.01 0.1 1–5 0–5 5–8 20 60 70 <0.01 8 3 1.5 8 15 6–9 <0.1 23
Average chondrule
diameter (mm) None 0.3 0.15 1 0.7
0.02–
0.09 5 0.5 0.8 0.3 0.5 0.6 0.2 0.6 0.6 0.4 1.0
Fall frequency (%) 0.5 1.6 0.5 0.6 0.3 0 0 0 0.2 34.4 38.1 7.8 0.9 0.8 0.1 0.1 0
Abbreviations: NF–not found.
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Chondrites show variable oxidation state: enstatite and carbonaceous chondrites are the most
reduced and oxidized samples, respectively, whereas ordinary chondrites have intermediate re-
dox state (Urey and Craig, 1953; Rubin et al., 1988; Grossman et al., 2008a). It is generally
considered that each chondrite group is a sample of separate asteroidal parent bodies, but it re-
mains unknown if multiple asteroids can be parent bodies of single chondrite group, and it cannot
be excluded an identical asteroid origin of multiple chondrite classes (e.g., Weisberg et al., 2006;
Scott and Krot, 2014; Greenwood et al., 2020).
1.4.1.2 Petrological classifications
Chondritic meteorites have experienced various degrees of thermal and shock metamor-
phism and aqueous alternation on their parent bodies. Based on the degree of their aqueous
alterations and thermal metamorphism, chondrites are classified into petrologic types of 1–6, in
which type 3 samples correspond to the least altered, pristine samples (Van Schmus and Wood,
1967). Petrological types of chondrites decrease from type 3 to type 1 with increasing degree of
aqueous alteration effects that change anhydrous silicates into hydrous ones. The petrological
types increase from 3 (unequilibrated) to 6 (equilibrated) with increasing degrees of compo-
sitional equilibrium and textural recrystallization due to thermal metamorphism. Chondrites
also show various degrees of shock metamorphism ranging from S1 (unshocked) to S6 (very
strongly shocked), which are estimated based on mineralogical and petrological features (Stöf-
fler andKeil, 1991; Rubin et al., 1997; Stöffler et al., 2018). Many chondritic samples are regolith
breccias that might record multiple small impacts and mixing, whereas some record evidence
for impact-induced melting (e.g., shock melt veins and pockets).
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Petrology and mineral chemistry of chondritic meteorites are also modified by terrestrial
weathering after their fall onto the Earth’s surface (e.g., Bland et al., 2006). There are two major
weathering scales of meteoritic samples. Antarctic find meteorites are classified into weathering
grades A (minor rustiness), B (moderate rustiness), and C (severe rustiness). Meteorites from
hot deserts are classified into seven categories from W0 (no visible mineral alteration) to W6
(massive alteration of mafic silicates) (Jull et al., 1991; Wlotzka, 1993).
1.4.1.3 Isotopic classifications
Recently,Warren (2011) pointed out that the solar systemmaterials show isotopic dichotomies
in plots of ε54Cr versus ε50Ti, and ε54Cr versus ∆17O (Figure 1.4). Based on these observations,
Warren (2011) proposed a new classification scheme of meteorites, which divide these materials
into carbonaceous (CC) and non-carbonaceous (NC) meteorite groups. The NC-CC isotopic di-
chotomy is now observed in more than 10 isotope systematics (e.g., Ca, Ti, Ni, Zr, Mo, Ru, Ba,
Nd, Sm, Hf, W, Os) with various cosmochemical (e.g., refractory, major components) and geo-
chemical (e.g., lithophile, siderophile) behaviors (Kleine et al., 2020; Bermingham et al., 2020
and references therein). On the other hand, less refractory elements (e.g., Zn, Sn, Pd, Cd, Se,
Te) show smaller nucleosynthetic isotopic variations among solar system materials (Fehr et al.,
2006; Wombacher et al., 2008; Moynier et al., 2009; Mayer et al., 2015; Fehr et al., 2018; Ek
et al., 2020). These isotopic dichotomies of meteorites are considered to record heterogeneous
distribution of extrasolar materials produced in the slow (s-process) and rapid (r-process) neu-
tron capture processes of stellar nucleosynthesis (Trinquier et al., 2007, 2009; Burkhardt et al.,
2011; Budde et al., 2016a; Poole et al., 2017; Kruijer et al., 2017a). On the other hand, the
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Figure 1.4. Isotopic composition of chondrites. Data are fromWarren (2011), Dauphas (2017),
and references therein. The epsilon (ε) notations address deviations in parts per 104 from terres-
trial isotopic ratios, respectively. For example, ε54 Cr = [(54 Cr/52 Cr)sample/(54 Cr/52 Cr)standard −
1] × 104. The ∆17O value is defined as ∆17 O = δ17 O − 0.52 × δ18 O, where δiO =
[(i O/16O)sample/(i O/16O)standard − 1] × 103 and i = 17 or 18.
O isotopic anomalies among solar system materials are considered to have originated in pho-
tochemical processes in the protosolar molecular cloud (Yurimoto and Kuramoto, 2004; Krot
et al., 2020) or the protoplanetary disk (Clayton, 2002; Lyons and Young, 2005).
1.4.2 Components of chondrites
Chondritic meteorites are generally composed of four major components: chondrules, ma-
trix, refractory inclusions and metallic phases (Figures 1.5 and 1.6). Abundances, mineralogies
and sizes of these components show a wide variation among chondrites groups (Table 1.2).
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Figure 1.5. A back-scattered electron microscope image of CV carbonaceous chondrite Roberts Massif (RBT) 04143.
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Figure 1.6. False-colored elemental maps of components of chondritic meteorites. (A) A barred olivine chondrule from CV Allende
carbonaceous chondrite. (B) A melilite-rich Ca, Al-rich inclusion (CAI) from RBT 04143 CV carbonaceous chondrite. See Yoshizaki
et al. (2019) for detailed descriptions of this CAI. Abbreviations: Di–diopside (MgCaSi2O6); En–enstatite (MgSiO3); Fo–forsterite
(Mg2SiO4); Mat–matrix; Mel–melilite (Ca2(Al,Mg)(Al, Si)SiO7); Mes–mesostasis glass; Tro–troilite (FeS); Sp–spinel (MgAl2O4).
19
1.4.2.1 Chondrules
Chondrules are mm-sized silicate-rich spherules which are a dominant component in chon-
dritic meteorites except for CI (e.g., Scott and Krot, 2014; Russell et al., 2018). They are basi-
cally composed of olivine ((Mg, Fe)2SiO4) and/or low-Ca pyroxene ((Mg, Fe)SiO3), with various
amounts of glasses filling between silicate grains, and minor Fe, Ni-metal and sulfides. Textures
of chondrules indicate their formation during a transient heating and rapid cooling within the
protoplanetary disk, whereas details remain controversial. Possible scenarios for the chondrule
formation include nebular shockwave, planetary collision, splash ofmolten planetesimals, nebu-
lar lightning (Morris and Boley, 2018; Johnson et al., 2018; Sanders and Scott, 2018; Pilipp et al.,
1998). Chondrules are generally depleted in moderately volatile elements, but their isotopic and
chemical compositions are inconsistent with evaporative losses of their formation (Humayun
and Clayton, 1995; Alexander et al., 2000, 2008; Galy et al., 2000; Pringle et al., 2017). Abso-
lute ages of chondrules ranges within first few million years (Myr) of the solar system formation
(Connelly et al., 2012; Bollard et al., 2017).
1.4.2.2 Matrix
Matrix is a fine-grained (<5 µm) mixture of silicates, oxides, metal, sulfides, phyllosilicates
and carbonates, and the second abundant component in chondrites. They are the least chemi-
cally fractionated material among the chondritic components, with having solar-like chemical
compositions (Bland et al., 2005; van Kooten et al., 2019). Due to their small grain sizes, matrix
is highly susceptible to aqueous alteration, and thus matrix in carbonaceous chondrites is mainly
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composed of altered materials. Matrix from unequilibrated chondrites contain various types of
presolar grains.
1.4.2.3 Refractory inclusions
There are twomajor types of refractory inclusions: calcium-aluminum-rich inclusions (CAI)
and amoeboid olivine aggregates (AOA). Refractory inclusions commonly occur in carbona-
ceous chondrites except for CI, but they are rare in ordinary and enstatite chondrites (Hezel
et al., 2008). CAI are submillimeter- to centimeter-sized that are mainly composed of Ca, Al-
rich minerals such as melilite, spinel, hibonite, perovskite, Al, Ti-diopside and anorthite (e.g.,
MacPherson, 2014). Thermodynamic calculations show that mineralogies of CAI are consistent
with those of high-temperature condensates formed during cooling of a gas of solar compo-
sition (e.g., Grossman, 1972; Yoneda and Grossman, 1995; Ebel and Grossman, 2000; Petaev
and Wood, 2005; Ebel, 2006). Some CAI show igneous textures, indicating their crystalliza-
tion from a melt. They show strong enrichment in refractory elements and significant depletion
in moderately volatile elements. CAI yield the oldest ages among the solar system materials
dated so far (4567.2 ± 0.2 Myr; Connelly et al., 2012), and thus their formation timing is used
to define the age of the solar system. They are also characterized by significant nucleosynthetic
isotope anomalies, which might be inherited from presolar grains or the protoplanetary disk
(e.g., Burkhardt et al., 2019; Brennecka et al., 2020).
AOA are the most common type of refractory inclusions in carbonaceous chondrites exclud-
ing CI (e.g., Grossman and Steele, 1976; Krot et al., 2004). Similar to CAI, AOA are rare in
ordinary and enstatite chondrites. AOA are irregularly shaped, fine-grained aggregates rang-
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ing up to several mm across and composed of olivine, Fe, Ni-metal, and sometimes CAI-like
materials. Their textures and mineralogies are indicative of direct nebular condensation origin.
1.4.2.4 Metallic phases
Chondrites contain various types of metals and sulfides, which are optically opaque phases.
The abundances of these opaque phases are highly variable among enstatite and ordinary chon-
drites (3–15 vol%). Among carbonaceous chondrites, CI, CM, CO, CV and CK contain smaller
amounts of metal (0–5 vol%), whereas CR, CH and CB are metal-rich (up to 70 vol%). Metals
in chondritic meteorites are Fe-Ni alloy, and most sulfides are troilite (FeS). Highly reduced en-
statite chondrites contain some exotic sulfides such as oldhamite (CaS) and niningerites (MgS)
in metal-sulfide nodules (Weisberg et al., 2012).
1.5 Solar system abundances of elements
The solar system abundances of elements are fundamental numbers in both astronomy and
planetary science. The solar elemental abundances are tightly related to compositions of all ob-
jects in the system including the central star, nebular gas, and planetary building materials. The
average chemical composition of our solar system should be approximately represented by that
of the Sun, which possesses >99% of the mass of the entire solar system. Spectroscopic obser-
vations of the solar photosphere and assumptions of a local thermodynamic equilibrium have
been used to constrain its elemental abundance (e.g., Allende-Prieto, 2016), which is commonly
taken as an average chemical composition of the Sun and the proto-solar molecular cloud (e.g.,
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Figure 1.7. Solar system abundances of elements. Abundances of each elements (n(E)) are
normalized to n(H) = 12. Data from Lodders (2020).
Asplund et al., 2009) (Figure 1.7).
Chemical composition of chondritic meteorites, especially those of CI-type chondrites, show
an excellent match with that of the solar photosphere determined by spectroscopic observations
(Figure 1.8). Exceptions are depletions of highly volatile elements such as H, C, N, O and no-
ble gases in CI, which reflects gaseous nature of these elements, and the solar photosphere’s
depletion in Li, which sinks into the solar interior and destroyed by nuclear reactions (Turcotte
et al., 1998; Turcotte and Wimmer-Schweingruber, 2002). There are large uncertainties in pho-
tospheric and meteoritic abundances of the noble gases, because of their high ionization poten-
tials and highly volatile behaviors. Further constraints on the solar composition are provided
by helioseismology, measurements of solar wind particles and solar neutrinos, and theoretical
studies (e.g., Basu and Antia, 2008a; Asplund et al., 2009; Schmelz et al., 2012; Haxton et al.,
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Figure 1.8. Comparison of atomic abundances of elements in the solar photosphere and CI
chondrites. Both abundances are normalized to Si = 106 atoms. Data from Lodders (2020).
2013; Agostini et al., 2018). Since laboratory measurements of meteoritic samples can provide
the most precise measure of elemental abundances, the CI chondritic composition is generally
used as a solar abundance in geo- and cosmochemical studies. The latest compilation of the
recommended CI elemental abundance is summarized by Lodders (2020).
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1.6 Classifications of elements
Distinct properties and behaviors of elements enable us to produce wide varieties of periodic
tables with variable elemental classifications (e.g., Figure 1.9; Railsback, 2003; Scerri, 2019). In
geochemistry and cosmochemistry, elements are classified based on their amounts in a system,
volatilities, phase affinities, and solid-liquid partitioning behaviors (Goldschmidt, 1937, 1954;
Lord, 1965; Larimer, 1967). It should be noted that elements classified into a same group in one
criterion can be regarded as distinct types of elements in the other classification schemes.
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Figure 1.9. Cosmochemical and geochemical periodic table of elements. 50% condensation temperatures (K) and geochemical classi-
fication of elements are based on Lodders (2003).
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1.6.1 Quantitative classification
Elements can be classified based on their quantities in the system: major (>0.4 wt%), minor
(0.1–0.4 wt%), and trace elements (<0.1 wt%) (Lee, 2016). Major elements define the struc-
ture of the materials, including a rock, mineral, liquid, and gas, and responsible in determining
physical properties of the system. In the Earth and our solar system, major elements generally
include Fe, O, Mg, Si, S, Ni, Ca and Al, in the order of decreasing a mass fraction. Minor and
trace elements do not directly affect the structure and physical property of a phase or system,
but can be used as an important tracer of geo- and cosmochemical processes. It is important
to recognize that the classifications of major, minor and trace elements depend on the whole
chemical composition in the system, and thus varies among different research fields.
1.6.2 Cosmochemical classification
A cosmochemical classification of elements uses volatilities of elements to divide elements
into five groups (Figure 1.9). Volatilities of elements are defined by their 50% condensation
temperatures (50% Tc) from a gas of solar composition at 10 Pa, at which a half mass of an
element in the system is incorporated into solid phases (Lodders, 2003). The cosmochemical
classification of elements consists of four groups: (1) refractory elements (50% Tc > 1355 K)
which condenses at the earliest stage of the cooling of high-temperature gas; (2) major compo-
nent elements (1355–1250 K) including Fe, Si and Mg, which represents >90% of planetary
mass with oxygen; (3) moderately volatile elements (1250–600 K); (4) volatile (600–252 K);
and (5) highly volatile elements (<252 K) that mostly occur as gaseous species (Lodders, 2003).
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There are multiple estimates of the elemental volatilities, which consider different solar gas com-
positions, gaseous and solid species, and thermodynamic, partitioning and solubility data (e.g.,
Wasson, 1985; Lodders, 2003; Wood et al., 2019), but in general differences in 50% Tc among
these models do not change the volatility-dependent classifications.
1.6.3 Geochemical classification
Geochemical classification of elements is established based on affinities of elements to form
various types of chemical compounds (Figure 1.9). It consists of five element groups: lithophile
(rock-loving), siderophile (metal-loving), chalcophile (sulfide-loving) and atmophile elements.
Lithophile elements (e.g., Si, Mg, Ca, Al, Ti, Na, K, rare earth elements) are preferentially incor-
porated into oxide phases, and thus concentrated in a silicate mantle in a differentiated planetary
body. Siderophile elements (e.g., Fe, Ni, Co, W, platinum group elements) preferentially enter
into metallic phases, and hosted in a metallic core in a differentiated body. Chalcophile elements
(e,g., Cu, Pb, Zn, Cd, Mo, Hg) are hosted in sulfide phases. Atmophile elements (e.g., C, O, H,
N, S and noble gases) form gaseous phases at planetary surface conditions. It should be noted
that some elements have multiple phase affinities (e.g., lithophile and chalcophile behaviors of
Zn), and their geochemical behaviors can be changed depending on physicochemical conditions
(e.g., P, T , fO2).
1.6.4 Partitioning classifications
Elements show distinct behaviors during melting, primarily due to their variable valences
and ionic radii. During melting processes, incompatible elements are preferentially partitioned
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into melts, whereas compatible elements remain in solid phases. Compatible trace elements
should have valence and ionic radii similar to those of major elements in solids. Elements with
high charge to ionic radius ratio, which is known as the ionic potential, are called high field
strength elements (HFSE; Ti4+, Zr4+, Nb5+, Hf4+ and Ta5+). Elements with low ionic potentials,
including Na+, K+, Rb+, Cs+, Sr2+ and Ba2+, are called large ion lithophile elements (LILE).
In Earth, incompatible elements (e.g., LILE, REE, HFSE, U, Th) are concentrated in crust and
depleted in mantle, whereas compatible elements (e.g., Si, Al, Na, Ni, Co, Cr) remains in the
mantle.
1.7 Compositional models of terrestrial planets
1.7.1 Compositional models of Earth
The chemical composition of Earth has been multiply constrained from geochemical, cos-
mochemical and geophysical perspectives. Chemical composition of chondritic meteorites has
provided important insights into the pre-differentiation composition of Earth (e.g., Ringwood,
1961a;Wood, 1962; Anders, 1964, 1971, 1977; Ganapathy and Anders, 1974). Early models ob-
served compositional similarities between chondritic meteorites, and terrestrial kimberlites and
peridotites, and proposed that the Earth’s mantle and silicate fractions of chondrites have simi-
lar chemical compositions (Ringwood, 1958; MacDonald, 1959). Early in 1960s, it was shown
that chondrites are less depleted in moderately volatile elements compared to the Earth’s mantle
(Gast, 1960; Wasserburg et al., 1964). Variations in oxygen isotopic composition of meteorites
and terrestrial rocks showed that Earth cannot be formed from a single class of chondrites except
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for enstatite chondrites (Clayton et al., 1976; Clayton, 1993).
Ringwood (1962) pioneered an approach to estimate the bulk silicate Earth composition
based on chemical analysis of terrestrial samples. Based on complementary compositional rela-
tionships between basalts (partial melts) and peridotites (residue), Ringwood (1962) introduced
an hypothetical, mantle-forming rock termed pyrolite as a representative of an average primi-
tive upper mantle composition. This approach was adopted by many subsequent studies, which
basically found consistent compositional models (e.g., Ringwood, 1966, 1975; Ringwood and
Kesson, 1977; Jagoutz et al., 1979; Sun, 1982; Wänke et al., 1984; Hart and Zindler, 1986; Al-
lègre et al., 1995; McDonough and Sun, 1995; Lyubetskaya and Korenaga, 2007; Palme and
O’Neill, 2014). These models consider a homogeneous chemical composition for the entire
mantle, in which the composition of primitive upper mantle equals to that of the bulk silicate
mantle, based on geochemical and geophysical evidence (e.g., Van der Hilst et al., 1997; Fukao
et al., 2001; Fukao and Obayashi, 2013; Agrusta et al., 2017). In contrast, there are arguments
against the homogeneous mantle which are based on seismic properties of potential lower man-
tle minerals (Murakami et al., 2012; Ballmer et al., 2017; Mashino et al., 2020; Houser et al.,
2020) and isotopic similarities between Earth and enstatite chondrites (Javoy et al., 2010).
The compositional models of the Earth’smantle revealed some important aspects of its chem-
ical composition. First, ratios of refractory lithophile elements (e.g., Ca/Al, Sm/Nd, Th/U) show
limited variations among chondritic meteorites, and the Earth’s mantle also have chondritic ra-
tios of most of these elements (e.g., Sun and Nesbitt, 1977; Jagoutz et al., 1979; McDonough
and Sun, 1995; Bouvier et al., 2008b; Bouvier and Boyet, 2016; Burkhardt et al., 2016; Willig
and Stracke, 2019; Wipperfurth et al., 2018). On the other hand, moderately volatile, lithophile
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elements are depleted in the Earth’s mantle compared to the CI composition, with more volatile
elements showing larger depletions. This systematic depletion of moderately volatile elements
is called the Earth’s volatility trend. Furthermore, siderophile and chalcophile elements are de-
pleted in the Earth’s mantle compared to lithophile elements with similar volatilities, because of
the metallic core segregation.
The Earth’s core is generally considered to be mainly composed of Fe, Ni-metal, but seis-
mological studies revealed that it is ∼10% less dense than a pure iron-nickel alloy (Birch, 1952,
1964). This density deficit is attributed to the incorporation of light elements, such as S, Si,
O, C, and/or H, into the core based on elemental abundances of the mantle, composition of
chondritic meteorites (i.e., undifferentiated materials), partitioning behaviors of elements, and
seismic wave properties of iron alloys (e.g., Poirier, 1994; Hirose et al., 2013; Li and Fei, 2014;
McDonough, 2014).
1.7.2 Compositional models of Mars, Venus, and Mercury
Compositional models for other terrestrial planets (e.g., Mercury, Venus, Mars) remains
much less constrained compared to the Earth’s, due to limited observational and meteoritic data
from these bodies. However, recent increases of numbers of spacecraft observations and mete-
oritic samples have provided useful insights into nature these planetary bodies.
For Mars, Morgan and Anders (1979) proposed compositional models of its mantle and core
based on limited remote observational data collected by theMars 5 orbiter (Surkov, 1977), which
is distinct from data reported by recent missions (Taylor et al., 2006a,b). Discovery of martian
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meteorites significantly improved the models of martian composition (e.g., Wänke and Dreibus,
1988; Longhi et al., 1992; Dreibus et al., 1994; Taylor, 2013), which used elemental correlations
in martian meteorites in the modeling. These models found that Mars is more enriched in moder-
ately volatile elements than Earth, but depleted in these elements when compared with chondritic
meteorites. As another approach, the chemical composition of Mars was also estimated using a
mixing ratio of chondritic meteorites that can reproduce the O-isotope composition of martian
meteorites (Lodders and Fegley, 1997; Sanloup et al., 1999; Burbine and O’Brien, 2004). These
models of the martian mantle predict a S-rich martian core, which is supported by multiple the-
oretical studies of the Mars’ geodetic properties (e.g., Khan and Connolly, 2008; Rivoldini et al.,
2011; Khan et al., 2018). However, these compositional models of Mars are established using
multiple assumptions (e.g., CI-like abundances of Mn and more refractory elements), and thus
it was difficult to directly compare compositional models of Earth and Mars.
Recent observations of Mercury by the MESSENGER mission measured composition of
Mercury’s surface rocks, and revealed that its moderately volatile element abundance is similar
to that of Mars (e.g., Nittler et al., 2011; Peplowski et al., 2011). Based on the MESSENGER
data, Nittler et al. (2018) estimated a composition of the bulk silicate Mercury. Composition of
the Mercury’s core, which represents >60% of the planetary mass, remains largely unknown,
due to limited constraints on behaviors of elements during core-mantle differentiation at very
low fO2 conditions. The mercurian core might contain S, Si and/or C as light elements, but their
abundances are highly variable among different models (e.g., Malavergne et al., 2010; Hauck
et al., 2013; Chabot et al., 2014; Namur et al., 2016; McCoy and Bullock, 2017; Margot et al.,
2018; Vander Kaaden et al., 2020).
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Chemical composition of Venus is poorly constrained, because surface observations are lim-
ited due to its thick atmosphere. Venus is the least constrained planet in terms of its chemical
composition. The surface rock data obtained by Venera and Vega missions in 1970s and 1980s,
together with geodetic properties (Table 1.1), indicate that Venus and Earth have similar chem-
ical compositions, including their shared volatile depletion (Surkov et al., 1984, 1986, 1987;
Grimm and Hess, 1997).
1.8 Building blocks of terrestrial planets
It has been widely accepted that Earth formed by accretion of lunar to Mars-sized plane-
tary embryos (e.g., Chambers, 2014). On the other hand, recent models propose significant
contributions of accretion of mm- to cm-sized pebbles during formation of planetesimals and
even planets (Johansen et al., 2015b; Levison et al., 2015). In any cases, chondritic meteorites,
which might have captured transitions from nebular materials to planetary bodies, can provide
important guides to reveal the origin and nature of planetary building blocks. Therefore, most
studies of the planetary building blocks have attempted to find a particular chondrite group or
their mixing ratios that can reproduce the planetary compositions.
1.8.1 Constraints from elemental abundances
Models of the Earth’s composition have found that its major element composition (e.g., Fe,
Si, Mg, O) and depletion of moderately volatile elements (e.g., Na, K, Rb) are similar to those
of carbonaceous chondrites (Figures 1.10 and 1.11; e.g., Palme et al., 1988; McDonough and
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Sun, 1995; Allègre et al., 2001; McDonough, 2014; Palme and O’Neill, 2014). In contrast, en-
statite and ordinary chondrites are characterized by lowMg/Si and a lack of moderately volatiles’
depletion, being distinct from the Earth’s compositional models. These observations indicate
that Earth inherited its chemical composition from carbonaceous chondrite-like building blocks.
However, it should be noted that the Earth’s larger depletion in moderately volatile elements as
compared to any chondrite groups indicates that the Earth’s composition cannot be reproduced
by mixing of any chondrite groups in our meteorite collection (Gast, 1960; Wasserburg et al.,
1964; McDonough and Sun, 1995). Compositional models of Mars find smaller depletion of
moderately volatile elements compared to the Earth’s, and predict lesser contribution of car-
bonaceous chondritic materials in its building blocks (e.g., Dreibus and Wänke, 1985; Wänke
and Dreibus, 1994).
1.8.2 Constraints from isotopic compositions
In addition to the comparison of chemical composition of planets and meteorites, isotopic
compositions of these objects provide strong constraints on their genetic relationships. Solar sys-
tem materials show isotopic variations, which cannot be explained by mass-dependent fraction-
ation processes, in wide varieties of isotope systematics (e.g., Dauphas and Schauble, 2016 and
references therein). These isotopic anomalies are produced by photochemical processes within
a molecular cloud or the protoplanetary disk or heterogeneous distribution of presolar materials
which inherited isotopic anomalies produced by stellar nucleosynthesis (Section 1.4.1.3).
In contradiction to the compositional similarities of carbonaceous chondrites and terrestrial
planets (Section 1.8.1), they show distinct isotopic compositions in more than 15 isotope sys-
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Figure 1.10. Major element ratios of chondrites and planets. Data sources are Alexander
(2019a,b) for chondrites, McDonough (2014) for Earth, and Wänke and Dreibus (1994) for
Mars. Note that the Mars model assumes a CI-like Mg/Si and Al/Si values (Wänke and Dreibus,
1994). See Section 1.4.1.3 for classifications of NC (non-carbonaceous) and CC (carbonaceous)
chondrite groups.
tematics (e.g., O, Ca, Ti, Cr, Ni, Sr, Zr, Mo, Ru, Pd, Ba, W, Nd, Sm, Ne; Figure 1.4; Clayton,
1993; Warren, 2011; Dauphas, 2017; Kleine et al., 2020 and references therein). Among chon-
dritic meteorites, enstatite chondrites show the closest match to the Earth’s isotopic composition,
indicating that &70% of the Earth’s building blocks have enstatite chondrite-like isotopic com-
positions (Warren, 2011; Dauphas, 2017). In contrast, the Earth’s Nd, Mo and Ru isotopes show
endmember compositions that cannot be reproduced by mixing of any known chondrite groups
(Dauphas et al., 2002; Boyet and Carlson, 2005; Burkhardt et al., 2016; Bouvier and Boyet,
2016; Fischer-Gödde and Kleine, 2017; Fischer-Gödde et al., 2020). Importantly, occurrences
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Figure 1.11. CI- and Al-normalized abundances of lithophile elements in the bulk silicate Earth
(BSE) (McDonough, 2014) and chondritic meteorites (Alexander, 2019a,b). See Section 1.4.1.3
for classifications of NC (non-carbonaceous) and CC (carbonaceous) chondrite groups. Abbre-
viations: CC–carbonaceous chondrites; EC–enstatite chondrites; OC–ordinary chondrites.
of parent bodies of enstatite chondrites (E-type asteroids) at the innermost part of the asteroidal
belt (DeMeo et al., 2015) indicates dominant occurrence of enstatite chondritic materials in the
disk regions closer to the Sun. The isotopic composition of Mars is intermediate of enstatite
and ordinary chondrites’ compositions, indicating similar proportions of these materials in the
Mars’ building blocks (Sanloup et al., 1999; Tang and Dauphas, 2014).
These complicated chemical and isotopic relationships between planetary and chondritic
materials leave the composition of planetary building blocks as a fundamental question in the
field of cosmochemistry. Alternatively, it has been proposed that the building blocks of the
terrestrial planets considers that these materials were not sampled in our meteorite collections
(McDonough and Sun, 1995; Drake and Righter, 2002; Campbell and O’Neill, 2012). Further
efforts are demanded to provide new constraints on the fundamentals of the nature and origin of
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planetary building blocks.
1.9 The scope of this study
Fundamental topics I put my focus on in this Ph.D. project are: (1) chemical composition of
terrestrial planets; and (2) the nature and origin of building blocks of the rocky planets. Even
for Earth, whose composition has been well investigated compared to other terrestrial planets,
there are conflicting views on its building blocks (carbonaceous chondrites, enstatite chondrites,
or unsampled materials; Section 1.8). The nature of building blocks of other planets (e.g., Mars)
remains much more unclear, due to a lack of detailed compositional models for these bodies.
To solve these problems, this study aims to address (1) compositional characteristics of chon-
dritic meteorites and their components, (2) elemental fractionation processes in the protoplane-
tary disk, (3) chemical composition of Earth, Mars, Mercury and Venus, and (4) compositional
similarities and differences among the solar system materials.
1.10 Synopsis
Chapter 2 of this thesis discusses elemental fractionation under highly reducing conditions
recorded in components (chondrules and sulfides) of enstatite chondrites. Enstatite chondrites,
possible candidates of the Earth’s main building blocks, record highly reduced oxidation state, in
which multiple elements change their geochemical and cosmochemical behaviors under such a
reducing condition (e.g., Larimer and Ganapathy, 1987; Crozaz and Lundberg, 1995; Wade and
Wood, 2001; Gannoun et al., 2011a; Barrat et al., 2014). I show that ratios of refractory lithophile
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elements, which are considered to be constant among solar system bodies, are variable in highly
reduced planetary building blocks. Based on this observation, fractionationmechanisms of these
elements and implications for the compositions of Earth and Mercury are discussed.
Chapter 3 provides a new compositional model of the martian mantle. The previous, most
widely-accepted model of the martian composition (Dreibus and Wänke, 1985; Wänke and
Dreibus, 1994) assumed that Mn and more refractory elements are in chondritic relative abun-
dances in the martian mantle, which have never been tested so far. Using the latest chemical data
from martian meteorites and spacecraft observations, I show that the assumption used in pre-
vious models are no longer valid. Following a compositional modeling applied to estimate the
Earth’s composition (McDonough and Sun, 1995), a compositional model of the martian mantle
is established. This model finds that Mars is enriched in refractory elements, and depleted in
moderately volatile elements as a function of their condensation temperatures.
Chapter 3 also reports a newmodel of the martian core composition. The proposed chemical
composition of the martian mantle was used to constrain abundances of siderophile and chal-
cophile elements in the bulk Mars and its core. Furthermore, the martian core size, density,
and light element compositions are constrained by modeling geodetic properties of bulk Mars
(mass, density and moment of inertia) to fit values measured by satellite observations. Based
on these approaches, I show that previously-proposed, S-rich martian core models (e.g., Wänke
and Dreibus, 1994; Khan et al., 2018; Rivoldini et al., 2011) are unlikely, and it contains H and
O in addition to S as light elements.
Chapter 4 discusses the origin and evolution of Earth, Mars and chondritic asteroids, based
on comparison of their chemical compositions. I put my special focus on distinct degree of
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volatile element depletion among these bodies. Based on compositional similarities between
chondrules from carbonaceous chondrites and silicate fraction of terrestrial planets, and rela-
tionships between volatile abundance, size, accretion timescale of these bodies, a chondrule-rich
accretion scenario for terrestrial planet formation is investigated. I also discuss a mechanism of
a lack of volatile depletion in non-carbonaceous chondrites, which resulted in distinct chemical
compositions of these chondrites and terrestrial planets that share similar isotopic features.
Chapter 4 also proposes a new model for the final stage of the Earth’s accretion, and the
Earth’s Moon. The Earth’s Moon is considered to have formed by a collision of a Mars-sized
body to the proto-Earth at the final stage of its accretion. The composition of Moon-forming
impactor remains unknown, and often assumed to be equal to CI chondrites (O’Neill, 1991a,b;
Maltese andMezger, 2020). Given that differentiated solar system bodies are depleted in moder-
ately volatile elements compared to CI, and relationship between planetary size and its volatile
abundance, I propose that the Moon-forming impactor was chemically similar to Mars. The
Mars-like (in size and composition) impactor model is consistent with the present-day Earth’s
siderophile and chalcophile element abundances.
In Chapter 5, chemical composition and origin of Mercury are discussed. I extrapolate the
compositional relationships between Earth and Mars (Chapter 4) to put new constraints on com-
positions of the remaining two rocky planets in our solar system. I also propose metal-rich
accretion driven by magnetic field within the solar nebula and density sorting during a planetary
accretion for the origin of dense, metal-rich planet Mercury.
Chapter 6 summarizes the entire discussion given in this thesis, and describe future perspec-
tives for a broad field of planetary science, including studies ofmeteoriticmaterials, observations
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of exoplanets, and future space missions.
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Chapter 2
Variable refractory lithophile element compositions of plane-
tary building blocks1
Abstract
Chondrites are sediments of materials left over from the earliest stage of the solar system
history. Based on their undifferentiated nature and less fractionated chemical compositions,
chondrites are widely considered to represent the unprocessed building blocks of the terrestrial
planets and their embryos. Compositional models of the planets generally find chondritic relative
abundances of refractory lithophile elements (RLE) in the bulk planets ("constant RLE ratio
rule"), based on limited variations of RLE ratios among chondritic meteorites and the solar
photosphere. Here, we show that ratios of RLE, such as Nb/Ta, Zr/Hf, Sm/Nd and Al/Ti, are
fractionated in chondrules from enstatite chondrites (EC), which provides limitations on the use
of the constant RLE ratio rule in the compositional modeling of planets. The fractionated RLE
1This chapter has been submitted for publication and currently in revision as: Yoshizaki, T., Ash, R.D., Lipella,
M.D., Yokoyama, T., and McDonough, W.F., Variable refractory lithophile element compositions of planetary
building blocks: insights from components of enstatite chondrites. T. Yoshizaki conducted most of sample prepa-
ration and measurements, with M.D. Lipella performing some of the electron microprobe measurements, R.D.
Ash and M.D. Lipella conducting some of the LA-ICP-MS analyses. Quantitative modeling was carried out by T.
Yoshizaki in consultation with W.F. McDonough. T. Yokoyama, R.D. Ash and W.F. McDonough provided labo-
ratory facilities and training to T. Yoshizaki. The manuscript was written by T. Yoshizaki, with edits, discussions,
and revisions by W.F. McDonough, R.D. Ash, and T. Yokoyama.
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compositions of individual EC chondrules document a separation of RLE-bearing sulfides from
silicates before and/or during chondrule formation and different chalcophile affinities of RLE
under highly reducing environments. However, the solar-like RLE ratios of the bulk EC indicate
a negligible widespread physical sorting of silicates and sulfides before and during the accretion
of EC parent bodies. Likewise, if the Earth’s accretion were dominated by EC-like materials, as
supported by multiple isotope systematics, the physical sorting of silicates and sulfides should
not have occurred in the Earth’s building blocks. Alternatively, the Earth’s precursors might
have been high-temperature nebular materials that condensed before precipitation of the RLE-
bearing sulfides. A lack of Ti depletion in the bulk silicate Earth, combined with similar silicate-
sulfide and rutile-melt partitioning behaviors of Nb and Ti, prefers a moderately siderophile
behavior of Nb as the origin of the accessible Earth’s Nb depletion. Highly reduced planets
that have experienced selective removal or accretion of silicates or metal/sulfide phases, such as
Mercury, might have fractionated, non-solar bulk RLE ratios.
2.1 Introduction
The geochemical classification of elements is established based on their partitioning behav-
iors during condensation into a silicate (lithophile), metal (siderophile) or sulfide (chalcophile)
phases, with a cosmochemical reference frame of their volatilities (e.g., Lodders, 2003). There
are 36 refractory elements, and most of them are generally considered to be lithophile (e.g.,
Be, Al, Ca, Ti, Sc, Sr, Y, Zr, Nb, Ba, rare earth elements (REE), Hf, Ta, Th, and U), while V,
Mo, and W are moderately siderophile/chalcophile, and Ru, Rh, Re, Os, Ir, and Pt are highly
siderophile. Chondritic meteorites (chondrites) are undifferentiated solar system materials that
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are widely considered as planetary building blocks. The relative abundances of the most refrac-
tory lithophile elements (RLE) are nearly constant (with.10% variations in their ratios) for the
solar photosphere and among chondritic meteorites (Larimer and Wasson, 1988; Wasson and
Kallemeyn, 1988; Bouvier et al., 2008b). Importantly, compositional models of Earth (Allè-
gre et al., 1995; McDonough and Sun, 1995; Palme and O’Neill, 2014) and Mars (Wänke and
Dreibus, 1994; Yoshizaki and McDonough, 2020b) commonly find or assume chondritic RLE
ratios (e.g., Ca/Al, Sm/Nd, Lu/Hf, Th/U) for these planets ("constant RLE ratio rule").
However, recent high-precision measurements of chondritic and terrestrial samples revealed
meaningful variations of not only REE ratios (Dauphas and Pourmand, 2015; Barrat et al.,
2016a), but also geochemical twins’ ratios such as Y/Ho (Pack et al., 2007), Zr/Hf (Patzer et al.,
2010), and Nb/Ta (Münker et al., 2003) among these solar system materials. For example, the
observation of lower Nb/Ta value of the accessible Earth as compared to CI chondrites, which
show the closest match to the solar photosphere composition for many elements (e.g., Lodders,
2020), raised considerable discussions on their relative behaviors. Some authors proposed that
Nb and Ta are exclusively lithophile and hosted in a eclogitic reservoir hidden in the mantle (Sun
and McDonough, 1989; McDonough, 1991; Kamber and Collerson, 2000; Rudnick et al., 2000;
Nebel et al., 2010), whereas others have suggested that Nb and less so Ta behaved as moder-
ately siderophile (Wade and Wood, 2001; Münker et al., 2003; Corgne et al., 2008; Mann et al.,
2009; Cartier et al., 2014) or chalcophile (Münker et al., 2017) elements and have been partially
sequestered into the metallic core.
The Earth’s specific building blocks remain unknown. Among chondritic meteorites, en-
statite chondrites (EC) show the closest matches to the Earth’s mantle in multiple isotopic sys-
43
tematics (Javoy et al., 2010; Warren, 2011; Dauphas, 2017; Boyet et al., 2018). On the other
hand, EC are characterized by lower Mg/Si and RLE/Mg ratios and higher volatile abundances
as compared to Earth (Palme et al., 1988; McDonough and Sun, 1995). EC is a rare type of
chondrite that record the most reducing conditions among chondritic meteorites (Figure 2.1;
Keil, 1968; Larimer, 1968). The chemical and isotopic composition of meteorites and Earth,
combined with partitioning behaviors of elements, indicate that an early stage of the Earth’s
formation was dominated by an accretion of EC-like, highly reduced materials, followed by an
accretion of less reduced ones (e.g., Corgne et al., 2008; Mann et al., 2009; Schönbächler et al.,
2010; Rubie et al., 2011, 2015). It is known that multiple RLE show non-lithophile behaviors
under highly reduced conditions as recorded in EC (e.g., Barrat et al., 2014;Münker et al., 2017),
but contributions of such characteristics of RLE to the compositions of Earth and its building
blocks remain poorly understood.
Here, we report RLE composition of chondrules, one of the major RLE carriers in chon-
dritic meteorites (e.g., Alexander, 2005, 2019a,b) and potential dominant source materials of
the terrestrial mantle (e.g., Hewins and Herzberg, 1996; Johansen et al., 2015b; Levison et al.,
2015; Amsellem et al., 2017; Yoshizaki and McDonough, 2020a), and sulfides from primitive
EC samples, to reveal non-lithophile behavior of RLE in highly reducing environments. Using
these and published data from different types of chondrites, combined with some new RLE data
for refractory inclusions from carbonaceous chondrites (CC), we examine a compositional vari-
ability in RLE ratios within the accretionary disk, behavior of elements under variable redox
conditions, and the chondritic reference frame for bulk planetary compositions.
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Figure 2.1. The Urey-Craig diagram showing variation in oxidation state of iron relative to
silicon among chondrite groups (after Urey and Craig, 1953). Metal-rich CB and CH chondrites
are not included in the plot because their origin (condensation from a gas-melt plume formed by
a planetary-scale collision; e.g., Krot et al., 2012) is distinct from that of major chondrite groups.
2.2 Samples and methods
2.2.1 Samples
In order to reduce potential modifications of elemental abundances by parent body metamor-
phism and terrestrial weathering, we chose unequilibrated (type 3) EH, EL and CV chondrites
with limited terrestrial weathering as samples for this study (Table 2.1). Analyses were con-
ducted on 92 chondrules, 40 troilites (FeS), 9 oldhamites (CaS) and 5 niningerites (MgS) from
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Table 2.1. List of meteorite samples used in this study. Mete-
orite types and weathering grades are based on the onlineMe-
teoritical Bulletin Database (www.lpi.usra.edu/meteor/)
and Satterwhite and Righter (2007). Abbreviations: NIPR–
National Institute of Polar Research; SI–Smithsonian Institu-
tion.
Name Type Weathering grade Sample source
ALHA77295 EH3 B NIPR
ALH 84206 EH3 A/B NASA/JSC
ALH 84170 EH3 B NASA/JSC
MAC 88136 EL3 A NASA/JSC
ALH 85119 EL3 Be NASA/JSC
RBT 04143 CV3 B NASA/JSC
Allende CV3 Fall SI
Alan Hills (ALH) A77295 (EH3), ALH 84170 (EH3), ALH 84206 (EH3), ALH 85119 (EL3)
and MacAlpine Hills (MAC) 88136 (EL3). We also studied two Ca, Al-rich inclusions (CAI)
from Allende (CV3), and one CAI and six amoeboid olivine aggregates (AOA) from Roberts
Massif (RBT) 04143 (CV3). The petrology and mineralogy of these meteorites have been well
characterized in previous studies (e.g., Johnson and Lofgren, 1995; Rubin et al., 1997; Benoit
et al., 2002; Lin and El Goresy, 2002; Grossman and Brearley, 2005; Gannoun et al., 2011a;
Quirico et al., 2011; Ishida et al., 2012; Yoshizaki et al., 2019; Bonal et al., 2020).
2.2.2 Scanning electron microscope and electron microprobe analyses
Mineralogy and petrology of polished sections of the enstatite chondrite samples (Table 2.1)
were analyzed using Hitachi S-3400N scanning electron microscope (SEM) and JEOL JSM-
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7001F field-emission (FE) SEM at Tohoku University (TU). Semi-quantitative analyses of con-
stituent minerals and X-ray mapping were performed using Oxford INCA energy-dispersive
spectrometers (EDS) equipped with the SEM instruments, at an accelerating voltage of 15 kV
and a beam current of 1.0–1.4 nA.
Quantitative X-ray microanalysis of chondrules from enstatite chondrites and refractory in-
clusions from RBT 04143 was performed using JEOL JXA-8530F FE-type electron probe mi-
croanalyzer (EPMA) and JEOL JXA-8800 EPMA equipped with wavelength-dispersive X-ray
spectrometers (WDS) at TU. A defocused electron beam (20–200 µm in diameter) with an ac-
celeration voltage of 15 kV and beam current of 10 nA was used to determine abundances of
13 elements (Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K, S, P, and Ni) in bulk chondrules. The peak
counting times were 10 s for Na; 20 s for Si, Al, Mg and Ca; and 40 s for Ti, Cr, Fe, Mn, K, P,
and Ni. To obtain bulk chemical composition, chondrules larger than 200 µm in diameter were
measured multiple (up to 11) times and the average value was calculated. Well-characterized
natural and synthetic crystalline oxides and metals were used as standards. Matrix corrections
were applied using the atomic number (Z), absorption (A), and fluorescence (F) (ZAF) correc-
tion method. The detection limits of measurements using the JXA-8530F FE-EPMA were 0.02
wt% for CaO and K2O; 0.03 wt% for SiO2, MgO, and Na2O; 0.04 wt% for Al2O3, Cr2O3, FeO,
MnO, and P2O5; 0.05 wt% for NiO; 0.07 wt% for SO3; and 0.16 wt% for TiO2. The detection
limits of analyses by the JXA-8800 EPMA were 0.01 wt% for CaO and K2O; 0.02 wt% for
Al2O3, Na2O, and SO3; 0.03 wt% for MnO and MgO; 0.04 wt% for SiO2, TiO2, Cr2O3, and
FeO; and 0.05 wt% for P2O5 and NiO.
A focused electron beam (∼3 µm in diameter) accelerated at 15 kV with a beam current of
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10 nA was used to quantify 13 elements (Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K, P, Ni, and S) in
sulfides using the JXA-8800 EPMA at TU. Peak counting time was 20 s for all elements. Other
analytical conditions were similar to those of chondrule measurements. Detection limits were
0.01 wt% for Si, Al, Mg, Ca, K, P, and S; 0.02 wt% for Ti and Na; 0.03 wt% for Cr, Fe, and Mn;
and 0.04 wt% for Ni.
Major element abundance in refractory inclusions from Allende was determined using and
JEOL JXA-8900R EPMA at University of Maryland. Analyses were performed in a semi-
quantitative mode. Wavelength scans were performing with the following conditions: 15 kV
accelerating potential, 150 nA cup current, and a 20 µm beam diameter. Raw X-ray intensities
were corrected using the ZAF algorithm.
2.2.3 Laser ablation inductively coupled plasma mass spectroscopy
Trace element compositions of chondritic components were determined using a New Wave
frequency-quintupled Nd:YAG laser system coupled to a Thermo Finnigan Element2 single-
collector ICP-MS at University of Maryland, following procedures of Lehner et al. (2014). Op-
erating conditions are summarized in Table 2.2. Measurements were carried out in low-mass
resolution mode (M/∆M = 300), with 15–200 µm laser spot size and a fluence of ∼2–3 J/cm2.
In all circumstances, spot size was always set to be smaller than the chondrule so that the laser
sampled only the interiors of chondrules. The beam was focused onto a sample placed in a 3
cm3 ablation cell, which was continuously flushed to the plasma source of the mass spectrometer
with a He gas flow of ∼1 L/min. The mass spectrometer was tuned to maximize signal (based on
43Ca and 232Th spectra) and minimize oxide production (UO/U < 1.2%) to maximize sensitivity
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and reduce isobaric interference. A dwell time of 5–15 milliseconds was used depending on
element concentrations. After the LA-ICP-MS measurements, the sampled areas were investi-
gated using SEM, to make sure that there was no contamination due to beam overlapping onto
neighboring phases (e.g., matrix).
In LA-ICP-MS measurement of chondrules and refractory inclusions, National Institute of
Standards and Technology (NIST) 610 glass (Jochum et al., 2011) was used as an external stan-
dard material. Internal standards were 29Si for chondrules, and 29Si, 43Ca or 47Ti for refractory
inclusions, which were determined as a polymineralic bulk composition using EPMA. For sul-
fides, the group IIA iron meteorite Filomena (for siderophile elements) and the NIST 610 glass
(for lithophile elements) were used as reference materials, using data from Walker et al. (2008)
and the GeoReM database (Jochum and Nohl, 2008; Jochum et al., 2011) as working values,
respectively. Count rates were normalized using 57Fe (for Filomena) and 63Cu (for NIST 610) as
internal standards, which were determined using EPMA or SEM/EDS. The standard materials
were measured at least twice at the start of individual analytical run that is composed of 16 anal-
yses of unknown samples. All obtained data were processed using the LAMTRACE software
(van Achterbergh et al., 2001). Data with a potential beam overlapping onto neighboring phases
were rejected in this procedure. The long-term reproducibilities of isotope ratios for the external
standards were better than 5% for nearly all of the measured elements, except for Ni and Cu in
Filomena (Table 2.3). We also routinely measured the BHVO-2G glass as a secondary stan-
dard material in order to monitor accuracy of the analysis, which well reproduced the GEOREM
preferred values (Jochum and Nohl, 2008) within <5%.
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Table 2.2. Conditions of the LA-ICP-MS measurement.
Thermo Finnigan Element2 single-collector, sector field ICP-MS
Forward power 1265 W
HV 8 kV
Number of pre-scans 1
Active dead time 18 ns
Cool gas flow 16 L/min Ar
Auxiliary gas flow 1.05 L/min Ar
Sample gas flow 1.040 L/min Ar





Detection mode Analogue or both







Oxide forming rate 238U16O/238U < 2.0%
Electro Scientific New Wave frequency-quintupled Nd:YAG laser (213 nm) system
Ablation pattern Spot
Spot diameter 15–200 µm
Repetition rate 7 Hz
Energy density 2–3 J/cm2
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Table 2.3. Long-term precision of LA-ICP-MS analyses. Abbreviations: CC–
carbonaceous chondrites; EC–enstatite chondrites.
Element Mass RSD% Element Mass RSD% Element Mass RSD%
NIST 610 (for EC chondrules and CC refractory inclusions, n = 28)
Ca 43 4 Ce 140 3 Ho 165 5
Sc 45 4 Pr 141 3 Er 166 4
Ti 47 5 Nd 146 3 Tm 169 5
V 51 5 Sm 147 4 Yb 172 4
Y 89 4 Eu 151 4 Lu 175 3
Zr 90 4 Gd 157 4 Hf 178 2
Nb 93 4 Tb 159 6 Ta 181 3
Ba 137 5 Dy 163 5 W 182 4
La 139 3
NIST 610 (for EC sulfides, n = 32)
Mg 25 3 Ga 69 2 Sm 147 3
Al 27 4 Sr 88 3 Eu 153 4
Si 29 3 Y 89 4 Gd 157 4
P 31 3 Zr 90 3 Ho 165 4
Ca 43 3 Nb 93 3 Tm 169 4
Sc 45 3 Mo 95 4 Yb 172 4
Ti 47 4 Cs 133 4 Lu 175 3
V 51 3 La 139 4 Hf 178 3
Cr 53 3 Ce 140 4 Ta 181 3
Mn 55 3 Nd 146 4 W 182 4
Zn 66 2





2.3.1 Chondrules from unequilibrated enstatite chondrites
Various types of chondrules are identified and measured in this study. More than 70% of
them are porphyritic pyroxene (PP) chondrules, with less abundant (∼15%) radial pyroxene (RP),
olivine-bearing (porphyritic olivine pyroxene (POP) or porphyritic olivine (PO) type; ∼10%),
and other rare types (Figures 2.2 and 2.3). These chondrules are mostly 200–600µm in diameter,
with some reaching up to 1 mm. The observed abundance of chondrule types and their size
distributions are consistent with previous reports (e.g., Jones, 2012;Weisberg and Kimura, 2012;
Jacquet et al., 2018).
PP chondrules are mainly composed of Fe-poor (<2 wt%) enstatite and mesostasis, with mi-
nor oxides such as olivine and silica, as reported by previous studies (e.g., Weisberg and Kimura,
2012; Jacquet et al., 2018). They sometimes contain small amounts of opaque phases, such as
Si-bearing Fe-Ni metal, troilite, oldhamite, niningerite (only in EH3) and alabandite (MnS; only
in EL3). Although each PP chondrule shows variable lithophile element abundances, with ab-
solute RLE enrichment factors of 0.5–2 × CI (Figure 2.2A–E), their average compositions are
similar in each sample (Figure 2.2F). On average, PP chondrules are characterized by depletions
of REE, Y, high-field strength elements (HFSE: Ti, Zr, Hf, Nb, Ta), Cr, Mn and K compared
to Al, Mg and Si. REE and HFSE are also fractionated within these groups; Eu and Yb are
depleted compared to other REE, and Zr and Nb show stronger depletions than their geochemi-
cal twins, Hf and Ta, respectively. Elevated REE and Y abundances in one PP chondrules from
MAC 88136 (C14) might reflect its oldhamite-bearing mineralogy.
52
Figure 2.2. (A–E) CI-normalized (Lodders, 2020) abundances of lithophile elements in selected porphyritic pyroxene (PP) chondrules
from unequilibrated enstatite chondrites, and (F) average composition of PP chondrules in each sample.
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Figure 2.3. CI-normalized (Lodders, 2020) abundances of lithophile elements in non-PP chondrules from unequilibrated enstatite
chondrites. Abbreviations: CC–cryptocrystalline; PO–porphyritic olivine; POP–porphyritic olivine pyroxene; RP–radial pyroxene.
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Compared to PP chondrules, RP chondrules show lower RLE abundance (0.2–1 × CI; Fig-
ure 2.3A,B), whereas PO and POP chondrules have higher RLE abundances (0.8–4 × CI; Fig-
ure 2.3C). One cryptocrystalline chondrule shows flat RLE pattern with a strong negative Eu
anomaly and Al, Mg and Si enrichments (Figure 2.3D). In general, RP, olivine-bearing, and
cryptocrystalline chondrules are enriched in Al, Mg and Si compared to most RLE and Cr, Mn
and K, as observed in PP chondrules. A Ca-rich chondrule in ALH 84206 shows a flat, elevated
RLE pattern (∼ 6 × CI), with clear depletions of Ce, Ba, Cr, Mn and K (Figure 2.3D). In ad-
dition, EC chondrules show Mg/Si (0.84 ± 0.01, 2σm) lower than those of CI (0.89; Lodders,
2020) and the bulk silicate Earth (BSE) (1.1; McDonough and Sun, 1995; Palme and O’Neill,
2014).
EC chondrules show highly variable, fractionated ratios for multiple RLE pairs (Figures 2.4
and 2.5). Their RLE ratios are not clearly related to their petrological types (e.g., PP, PO, POP).
The most significant ones are ratios of Nb to other RLE, with average Nb/Ta (13.4 ± 1.6, 2
standard errors of the mean (2σm)) and Nb/La (0.691 ± 0.131, 2σm) being ∼30% and ∼40%
lower than the CI ratios (∼19 and ∼1.1; Münker et al., 2003; Barrat et al., 2012; Braukmüller
et al., 2018; Lodders, 2020), respectively. EC chondrules, on average, also show lower Zr/Hf
(30.0 ± 1.5, 2σm), Sm/Nd (0.281 ± 0.021, 2σm) and Ca/Al (0.848 ± 0.061, 2σm) values, and
elevated Al/Ti (33.3 ± 3.1, 2σm) as compared to the CI values (i.e., −12%, −15%, −20% and
+75% relative to CI, respectively). On the other hand, an average ratio of Y and its geochemical
twin Ho in EC chondrules (25.8 ± 0.7, 2σm) overlaps the CI composition.
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Figure 2.4. Refractory lithophile element ratios (Nb/Ta, Zr/Hf, Y/Ho, Sm/Nd, Nb/La, Al/Ti, and Ca/Al) of bulk chondrules from
unequilibrated type 3 enstatite (green), ordinary (orange) and carbonaceous (blue) chondrites. Our new data for type 3 EC chondrules
are shown by large filled green circles (EH3) or squares (EL3). Colored boxes and inside solid lines represent mean ± 2σm values for
each chondrite groups. Gray box and inside solid line correspond mean ± 2σm for CI chondrite (Barrat et al., 2012; Lodders, 2020).
Data for chondrules from metamorphosed type 4 samples are also shown for a comparison. A list of full data sources is provided as a
supplementary material.
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2.3.2 Comparison of the bulk chemical composition of EC chondrules with
previous data
We recognize that the bulk composition of individual chondrules derived by surface analyt-
ical methods (i.e., broadened or scanning beam measurements on thin or thick sections) can be
less accurate than those determined by a whole-rock measurement of mechanically separated
chondrules. In particular, a biased sampling of phases in chondrules can provide RLE data that
are affected by melt-crystal elemental fractionations. Thus, the ratios of elements with differ-
ent incompatibilities (e.g., Al/Ti, Ca/Al, Nb/La, Sm/Nd) can be sensitive to the biased surface
sampling, whereas those of the geochemical twins (Nb/Ta, Zr/Hf, and Y/Ho) might remain to
represent the bulk chondrule compositions.
Recently. Gerber (2012) obtained bulk compositions of eight chondrules from type 4 EH
Indarch, by analyzing solutions of mechanically isolated individual chondrules using ICP-MS
and ICP-OES. Although the number of data reported by Gerber (2012) is limited and all of them
are obtained from ametamorphosed type 4 EH, they can be used to investigate representativeness
of the bulk chondrule data obtained by the surface analytical methods. Our data of Nb/La, Zr/Hf,
Al/Ti, and Ca/Al in EC chondrules are consistent with those from Gerber (2012) (Figure 2.6).
EH4 chondrules from Gerber (2012) show slightly higher Y/Ho and Sm/Nd ratios than our data
for EH3 and EL3 chondrules, which might reflect modifications of these ratios due to distinct
behavior of these elemental twins during thermal processing in the EC parent bodies (Barrat
et al., 2014).
Varela et al. (2015) obtained bulk chemical compositions of non-porphyritic chondrules from
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Figure 2.5. Lithophile element ratios vs Nb/Ta in chondrules from enstatite (green), ordinary
(orange), and carbonaceous (blue) chondrites. Data sources are similar to those of Figure 2.4.
EH3 (Sahara 97158) and EH4 (Indarch) using the electron microprobe and LA-ICP-MS thech-
niques. In general, their data are also consistent with data obtained by this study and Gerber
(2012) (Figure 2.6). On the other hand, Varela et al. (2015) reported elevated Zr/Hf and low
Al/Ti ratios of EH3 chondrule as compared to our results, whereas in EH4 these ratios are con-
sistent with the results of Gerber (2012). Ratios of major RLE in type 3 EC obtained in this
study are also consistent with electron microprobe data from Grossman et al. (1985) (Qingzhen
(EH3)) and Schneider et al. (2002) (Allan Hills (ALH) 85119 (EL3); MacAlpine Hills (MAC)
88180 (EL3), and Pecora Escarpment (PCA) 91020 (EL3), PCA 91238)).
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Figure 2.6. Ratios of refractory lithophile elements in the bulk chondrules from EH3 (red), EH4
(green), and EL3 (blue) chondrites (this study; Ikeda, 1983; Grossman et al., 1985; Schneider
et al., 2002; Gerber, 2012; Varela et al., 2015). Horizontal lines represent the CI ratio (Lodders,
2020).
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In contrast, electron microprobe data of bulk chondrules from Yamato 691 (EH3) obtained
by Ikeda (1983) show wide spread in Al/Ti and Ca/Al ratios, with mean values overlapping the
CI ratios (Figure 2.6). Since the data reported by Ikeda (1983) show lower Na and Al abundances
compared to other studies (this study; Grossman et al., 1985; Gerber, 2012; Varela et al., 2015;
Figure 2.7), it is likely that their data are derived from glass-poor regions of the EC chondrules.
Ikeda (1983) noted that they avoided a beam overlap onto metals and sulfides in chondrules,
which might also have led exclusion of a glassy mesostasis in which these opaque phases com-
monly enclosed (Weisberg and Kimura, 2012; Lehner et al., 2013; Piani et al., 2016; Jacquet
et al., 2018). We also avoided a beam overlap onto these opaque phases in our measurements, in
which high spatial resolution images from optical and electronmicroscopes helped us tomeasure
compositions of glassy areas without hitting sulfides. Alternatively, these discrepancies might
represent unique compositional characteristics of chondrules from Yamato 691. Otherwise, our
measurements might have overestimated the Al abundance, whereas our bulk Al/Ti and Ca/Al
data are consistent with those from Gerber (2012). Thus, we consider that the consistency of
our bulk chondrule data with those of Gerber (2012) support representative sampling of bulk
chondrule minerals in our measurements.
2.3.3 Sulfides from unequilibrated enstatite chondrites
Both EH3 and EL3 chondrites contain abundant opaque nodules with variable mineralogies.
They are commonly composed of Si-bearing Fe-Ni metal and troilite, with minor occurrence of
exotic sulfides including oldhamite, daubréelite (Fe2+Cr3+2 S4), niningerite (in EH3), alabandite
(in EL3), K-bearing sulfides, and phosphides. We report only trace element abundances of EC
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Figure 2.7. Abundances of Na and Al in bulk chondrules from EH3 (red), EH4 (green), and
EL3 (blue) chondrites (this study; Ikeda, 1983; Grossman et al., 1985; Schneider et al., 2002;
Gerber, 2012; Varela et al., 2015).
sulfides which occur outside of EC chondrules, as those found within chondrules are tiny (mostly
<10 µm), making analysis by LA-ICP-MS impractical.
Troilites from the primitive EC contain RLE such as Ti (2–7 × CI), Nb (mostly 0.1–5 × CI)
and Zr (up to 0.2 × CI), along with nominally chalcophile Cr, Mn and V (Figure 2.8; see also
Section 2.3.3.1). In contrast, Ta and Hf, which are geochemical twins of Nb and Zr, respectively,
were not detected in the EC troilites. Oldhamites in EC are enriched in multiple RLE, including
Zr, Hf, Y, REE, Th and U (Figure 2.9). Most oldhamites show nearly flat REE pattern at 10–
100 times higher concentrations than CI, with slightly positive Eu and Yb anomalies in those
from EH. They show Zr/Hf (40–600) higher than CI, and variable Sm/Nd (0.34 ± 0.11, 2σm),
Y/Ho (31 ± 7, 2σm) and Th/U (4.5 ± 2.5, 2σm) values, which are generally consistent with data
reported in Gannoun et al. (2011a). Niningerites in EH are enriched in Sc (2–12 × CI) and Zr
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Figure 2.8. Transition element composition of troilites (FeS) from unequilibrated EH and EL
chondrite, normalized to CI chondrite composition (Lodders, 2020).
(0.2–16 × CI) (Table A.9). Aluminum was not detected in nearly all of sulfide measurements,
indicating that it retains its lithophile behavior under highly reducing conditions.
2.3.3.1 Troilites from ALHA77295
Troilites from ALH 84170 and ALH 84206 (EH3) have relatively uniform compositions,
particularly for V through Mo (Figure 2.8). Likewise, most of the troilites from ALHA77295
(EH3), show comparable abundance patterns, but are depleted in Nb (0.1–0.8 ×CI) as compared
to other EH3 samples. However, in three of the analyzed troilites from ALHA77295 (i.e., ∼5%
of the total troilite signal for ALHA77295) we encountered marked increases in Nb + Ta ±Mo
±W signals during the laser ablation analyses (Figure 2.10). These compositionally heteroge-
neous domains are of the order of 5 cubic microns and typically these inclusions had marked
enrichment in ∼500 µg/g Nb, nearly chondritic Nb/Ta, and order ppm levels of Mo and W. Such
inclusions were not encountered during analysis of troilite from any of the other EH3 and EL3
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Figure 2.9. CI-normalized (Lodders, 2020) abundances of lithophile elements in oldhamites
(CaS) from EH (A,B) and EL (C,D) chondrites. In (A) and (B), elements are arranged in the
order of increasing volatility (Lodders, 2003).
chondrites. No significant signal change was detected for the major elements when we encounter
the heterogeneous domains.
We found that the Nb concentration of bulk rock and of the acid leachate of ALHA77295
were similar to those of other unequilibrated EH chondrites (this study; Barrat et al., 2014). In
ALHA77295 it is likely that some small fraction of the Nb and Ta and to a lesser extentMo andW
are hosted in these micron scale inclusions in troilite. We examined the post-ablation sampling
area using FE-SEM/EDS, and found no additional metallic/sulfide inclusions. Therefore, the
abundances of these elements in troilite from ALHA77295 reported in Figure 2.8 should be
considered as lower limits of their true concentrations.
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Figure 2.10. Time-resolved LA-ICP-MS spectra for sulfide from the unequilibrated enstatite
chondrite ALHA77295. (A) Sulfide S2 (My08a10); (B) sulfide S5 (De05b07); (C) sulfide S9
(De05b11).
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2.3.4 Refractory inclusions from unequilibrated carbonaceous chondrites
CAI andAOA fromCV chondrites show highly fractionated RLE compositions (Figures 2.11
and 2.12; see also Appendix A.2), reflecting the volatility-driven fractionation of RLE during
condensation of these inclusions (e.g., Boynton, 1975). Their RLE compositions are generally
consistent with previous studies (e.g., Boynton, 1975; Mason and Martin, 1977; Kornacki and
Fegley, 1986; Stracke et al., 2012; Patzer et al., 2018 and references therein). CAI and spinel-
rich AOA show low Nb/Ta ratios (3–10), whereas olivine-rich AOA show higher values (18–37).
The CV CAI and AOA also show fractionated Zr/Hf (mostly 33–55), Y/Ho (17–38), and Sm/Nd
(0.12–0.54) values.
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Figure 2.11. CI-normalized (Lodders, 2020) abundances of lithophile elements in (A) Ca, Al-
rich inclusions (CAI) and (B) amoeboid olivine aggregates (AOA) from unequilibrated carbona-
ceous chondrites. Abbreviations: Ol–olivine; Sp–spinel.
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Figure 2.12. Lithophile element ratios of bulk refractory inclusions (CAI and AOA) from CV
chondrites obtained in this study. Also shown are average compositions with 1 standard devia-
tions of each group of CAI (Stracke et al., 2012).
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2.4 Discussion
2.4.1 RLE fractionation under reduced conditions
Ratios of RLE in individual chondrules fromEC,OC, andCC can provide useful insights into
distribution and fractionation processes of RLE in the accretionary disk. Although chondrules
show considerable scatter in RLE ratios (Figure 2.4), their mean compositions provide a measure
of distinction between each chondrite class (EC, OC, and CC), reflecting limited mixing of
distinct chondrule reservoirs (e.g., Clayton, 2003; Hezel and Parteli, 2018). Here we propose
that RLE fractionation processes recorded in highly reduced EC chondrules are distinct from
those in less reduced OC and CC chondrules.
It is well recognized and demonstrated that an incomplete high-temperature condensation
from the gas of solar composition can fractionate RLE, as recorded in CAI andAOA (Figure 2.11;
e.g., Boynton, 1975; Kornacki and Fegley, 1986; Ruzicka et al., 2012). Nb/Ta ratios of all studied
CAI and Ca, Al-rich AOA range from 3 to 10 (Figure 2.12), which are clearly lower than the CI
value. In contrast, olivine-rich, less refractory AOA do not show such low Nb/Ta ratios. The low
Nb/Ta ratios observed in CAI and refractory-rich AOA might reflect Nb-Ta fractionation during
formation of high-temperature nebular condensates, due to slightly different condensation tem-
peratures of these geochemical twins (1559 K and 1573 K for Nb and Ta, respectively) (Lodders,
2003; Münker et al., 2003). Similarly, a slightly higher 50% condensation temperatures of Zr
and Y compared to their geochemical twins Hf and Ho, respectively, can produce condensates
with non-CI Zr/Hf and Y/Ho ratios (Figures 2.11 and 2.12B,E; El Goresy et al., 2002; Pack et al.,
2007; Patzer et al., 2010, 2018; Stracke et al., 2012). The non-CI Nb/Ta, Zr/Hf and Y/Ho values
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in bulk OC and CC chondrites have been attributed to additions of the refractory materials with
fractionated RLE compositions into OC and CC asteroids (Münker et al., 2003; Pack et al., 2007;
Patzer et al., 2010; Stracke et al., 2012). Likewise, these additions might also be responsible for
chondrules possessing similar fractionated Nb/Ta and Zr/Hf ratios (e.g., Misawa and Nakamura,
1988a,b; Pack et al., 2004; Patzer et al., 2018). In contrast, the CI-like average Y/Ho in OC and
CC chondrules indicate a similar behavior of these geochemical twins during formation of these
chondrules and their precursors (Pack et al., 2007).
Compared to OC and CC chondrules, EC chondrules show more distinct differences in key
RLE ratios (e.g., Nb/Ta, Nb/La, Zr/Hf, Sm/Nd, Al/Ti, Ca/Al; Figs. 2.4 and 2.5). Importantly,
most RLE are depleted relative to Al in EC chondrules (e.g., super-CI Al/Ti and sub-CI Ca/Al);
this feature is distinct from CI-like RLE/Al values in OC and CC chondrules (Figures 2.2 to 2.4).
These differences indicate that RLE fractionation processes recorded in EC chondrules differ
from those of OC and CC chondrules (i.e., volatility-driven fractionation; Misawa and Naka-
mura, 1988a,b; Pack et al., 2004; Patzer et al., 2018).
The fractionated RLE ratios in EC chondrules might indicate depletion of moderately chal-
cophile elements under highly reducing conditions (e.g., Ca, REE, Ti, Nb, Zr; Figures 2.8
and 2.9; Gannoun et al., 2011a; Barrat et al., 2014; Lehner et al., 2014) due to separation of
sulfides from silicates. The high Al/Ti and low Nb/Ta and Zr/Hf in EC chondrules are consis-
tent with separation of Ti, Nb, Zr-bearing troilites from silicates with the CI composition. The
sub-CI Ca/Al and REE/Al in EC chondrules are in harmony with a removal of REE-bearing
oldhamite. The separation of oldhamites can also produce sub-CI Sm/Nd and negative Eu and
Yb anomalies of EC chondrules (Figures 2.2 to 2.4), given high Sm/Nd and positive Eu and Yb
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anomalies in oldhamites (Figure 2.9; Gannoun et al., 2011a; Jacquet et al., 2015). In addition,
smaller depletions of Hf and Ta as compared to their geochemical twins Zr and Nb, respec-
tively (Figures 2.2 and 2.3), indicate the former’s more lithophile behavior (Barrat et al., 2014;
Münker et al., 2017). Furthermore, The CI-like Y/Ho values of EC chondrules are consistent
with limited fractionation Y/Ho in EC oldhamites (31.3 ± 6.7, 2σm; Table A.8) from the CI
ratio (∼26; Pack et al., 2007; Barrat et al., 2012; Lodders, 2020). The stronger depletion of the
troilite-loving elements (e.g., Ti, Nb) compared to the oldhamite-loving ones’ (e.g., REE, Y)
in EC chondrules documents a greater contribution of troilite separation. This observation is
consistent with a simple mass-balance consideration of modal abundances of sulfides in type 3
EC (Weisberg and Kimura, 2012) and their average RLE concentrations (this study; Gannoun
et al., 2011a) that indicate the separation of RLE-bearing troilites produces >2 times larger RLE
fractionation than the removal of oldhamite.
Chondrules from all types of chondrites are depleted in normally siderophile and chalcophile
elements, due to a separation ofmetal and sulfide components from silicates before and/or during
chondrule formation (Osborn et al., 1973; Gooding et al., 1980; Grossman et al., 1985; Palme
et al., 2014b). For example, it is suggested that metals and sulfides can be expelled from sili-
cate melt droplets during the chondrule formation as immiscible melts (Rambaldi and Wasson,
1981, 1984; Grossman and Wasson, 1985; Zanda et al., 1994; McCoy et al., 1999; Connolly
et al., 2001; Uesugi et al., 2008). In addition, if metal/sulfide and silicate occurred separately
in the protoplanetary disk as a result of the chondrule formation and/or nebular condensation,
they could have been physically sorted due to their distinct density, size, magnetism, and/or
thermal conductivity (Kuebler et al., 1999; Wurm et al., 2013; Kruss and Wurm, 2020; Palme
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et al., 2014b). These separation processes can also contribute to the chalcophility-dependent
fractionation of elements in EC chondrules.
The origin of metal-sulfide nodules in EC remains controversial. One view is that they are
highly reduced nebular condensates formed and processed separately from silicates before plan-
etesimal formation (Larimer, 1975; Larimer and Bartholomay, 1979; Larimer and Ganapathy,
1987; El Goresy et al., 1988; Kimura, 1988; Lin and El Goresy, 2002; Gannoun et al., 2011a;
El Goresy et al., 2017), whereas others propose that they were ejected from chondrule-forming
melt droplets as immiscible liquids (Hsu, 1998; Horstmann et al., 2014; Lehner et al., 2014; Ebel
et al., 2015; Jacquet et al., 2015; Piani et al., 2016) or combination of these processes (Lehner
et al., 2010). The post-accretionary impact origin of these nodules is inconsistent with a lack of
petrological and chemical features of in-situ melting (Horstmann et al., 2014; Gannoun et al.,
2011a; El Goresy et al., 2017).
The formation of metal-sulfide nodules and their separation from silicates can be critical
processes in establishing Fe/Si ratio of bulk bodies with highly reduced oxidation states. The
lower bulk Fe/Si value of EL chondrites as compared to EH (Figure 2.1) can be partly attributed
to less abundant occurrence of troilite in EL (<8 vol% and >10 vol% in primitive EL and EH, re-
spectively; Weisberg and Kimura, 2012). If the low troilite abundance in EL reflect the ejection
of sulfides from chondrule-forming silicate melts and their limited accretion to the EL parent
bodies, the bulk EL should be depleted in moderately chalcophile RLE. However, neither bulk
EH3 and EL3 chondrites do not show fractionated RLE compositions (Barrat et al., 2014). Even
ratios of RLE with different chalcophile affinities (e.g., Nb/La, Zr/Hf, Sc/Hf, Sc/Nb) are CI-like
in the bulk EC (Barrat et al., 2014), which are distinct from highly fractionated RLE compo-
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sitions of their chondrules (Figures 2.2 to 2.4). These observations suggest that the depletion
of moderately chalcophile RLE in EC silicates (i.e., chondrules) are fully compensated by the
occurrence of RLE-bearing sulfides in the bulk EC, and silicate-sulfide separation during the
chondrule formation did not contribute to the low troilite abundance in EL. Thus, the metal-
and sulfide-depletion in EC chondrules and the CI-like RLE ratios of the bulk EC indicate that
EC silicates and metal-sulfide nodules occurred separately in the protoplanetary disk, but they
were not physically sorted before and during the EC parent body accretion. The limited physical
sorting of the EC silicates, sulfides, and metals indicates that their separation was a localized
process in the protoplanetary disk, and EC parent bodies accreted quickly after the chondrule
formation events.
In order to further constrain the timing and mechanism of RLE fractionation recorded by
EC chondrules and sulfides, especially those in EH, it demands an understanding of the redox-
dependent changes of RLE volatilities. Although multiple equilibrium condensation calcula-
tions have been performed for highly reducing conditions (e.g., Larimer, 1975; Larimer and
Bartholomay, 1979; Lodders and Fegley, 1993; Wood and Hashimoto, 1993; Sharp and Wasser-
burg, 1995; Ebel, 2006; Ebel and Alexander, 2011), relative volatilities of minor and trace RLE,
especially those for troilite-loving ones (e.g., Ti, Nb), are poorly constrained. A combination
of relative volatilities and chalcophile affinities of RLE under reducing conditions will provide
important constraints on the RLE fractionation mechanism during the formation of planetary
building blocks.
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2.4.2 Compositional distinction between EC chondrules and the silicate Earth
The limited variation (<10%) in RLE ratios among chondritic meteorites and the solar pho-
tosphere have led planetary scientists to use the constant RLE ratio rule in their compositional
models of planets (Section 3.1). However, the fractionated RLE ratios of EC chondrules (Fig-
ures 2.2 to 2.4) places limits on the use of this rule, especially when modeling composition of
highly reduced bodies (e.g., Mercury; Section 2.4.4). In turn, these variations can be used as a
new key to reveal the nature of planetary building blocks, together with the isotopic constraints
(e.g., Javoy et al., 2010; Warren, 2011; Dauphas, 2017).
Isotopic similarities of Earth and EC suggest EC-like materials as the Earth’s main building
block (e.g., Javoy et al., 2010; Warren, 2011; Dauphas, 2017; Boyet et al., 2018). In this case,
the Earth’s mantle could have been dominated by EC chondrule-like materials, as they host
nearly all of silicates in EC (e.g., Weisberg and Kimura, 2012; Krot et al., 2014). EC chondrules
and the Earth’s mantle share Nb depletions, with Nb/Ta and Nb/La values being 20–30% lower
than the CI chondritic values (Figure 2.4; Münker et al., 2003). In contrast, composition of
terrestrial komatiites is consistent with a CI-like Ti/RLE values for the Earth’s primitive mantle,
and thus there is no "missing Ti problem" in the BSE (e.g., Nesbitt et al., 1979; McDonough
and Sun, 1995; Arndt, 2003). The fractionated Al/Ti values of EC chondrules highlight their
compositional distinction from the BSE.
Experimental studies show that Nb and Ti have similar Dsulfide/silicate values at wide P, T , and
fO2 conditions, with the value exceeding 1 at highly reduced conditions (log fO2 ≤ IW − 2;,
Figure 2.13A; Kiseeva and Wood, 2015; Wood and Kiseeva, 2015; Namur et al., 2016; Münker
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et al., 2017; Cartier et al., 2020; Steenstra and van Westrenen, 2020). Compositions of troilites
and silicates from aubrites, highly reduced achondrites, support similar chalcophilities of Nb and
Ti during differentiation of aubrite parent bodies (van Acken et al., 2012; Münker et al., 2017).
These observations suggest that a sulfide-silicate fractionation under highly reduced conditions
produces not only Nb, but also Ti depletion in silicates at a similar degree, which is not observed
in the BSE. Thus, even if the EC chondrules are the Earth’s main building block (Javoy et al.,
2010; Warren, 2011; Dauphas, 2017; Boyet et al., 2018), the accessible Earth’s Nb depletion
should not have resulted from a sulfide-silicate separation under highly reduced conditions. The
negligible role of highly reduced sulfide in the present-day Earth’s composition is also consistent
with CI-like REE abundance of the BSE (e.g., McDonough and Sun, 1995; Pack et al., 2007;
Bouvier et al., 2008b; Bouvier and Boyet, 2016; Burkhardt et al., 2016) (cf. Stracke et al., 2012;
Dauphas and Pourmand, 2015) and a lack of evidence for Th and U incorporation into the Earth’s
core (Wipperfurth et al., 2018).
The relative partitioning behaviors of Nb and Ti are also useful when considering a composi-
tional evolution of the Earth’s mantle. Sub-CI Nb/RLE and CI-like Ti/RLE ratios of komatiites
and Archean basalts indicate the Nb depletion in the silicate mantle was produced before the
Archean, with negligible Ti depletion (Nesbitt et al., 1979; Arndt, 2003; Münker et al., 2003).
This observation cannot easily be accommodated with the formation of refractory rutile-bearing
hidden eclogite reservoir (Rudnick et al., 2000; Kamber and Collerson, 2000; Nebel et al., 2010),
which might produce both Nb and Ti depletion in the accessible Earth (Schmidt et al., 2004).
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Figure 2.13. (A) Sulfide-silicate and (B) metal-silicate partition coefficients of Nb (blue) and Ti (red) reported by previous studies (Wade
and Wood, 2001; Corgne et al., 2008; Mann et al., 2009; Cartier et al., 2014, 2020; Münker et al., 2017; Steenstra and van Westrenen,
2020).
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Experimental studies show that Nb becomes siderophile under reducing conditions (log fO2 ≤
IW − 2), whereas Ti remains lithophile (Figure 2.13B; Wade and Wood, 2001; Corgne et al.,
2008; Mann et al., 2009; Namur et al., 2016; Cartier et al., 2020; Steenstra and van Westrenen,
2020). Thus, a metal-silicate differentiation under reduced conditions can selectively separate
Nb from silicate melts, and leave Ti as oxide in the mantle. Therefore, the siderophile behavior
of Nb under reduced conditions might be a most plausible scenario for the origin of the BSE’s
Nb depletion (Wade and Wood, 2001; Münker et al., 2003). Recently, Münker et al. (2017)
experimentally showed that Nb becomes less chalcophile when Fe/S of a sulfide melt increases.
Thus, it is likely that the siderophile behavior of Nb in the Earth reflects the low S content of the
Earth’s core (Dreibus and Palme, 1996; McDonough, 2014).
2.4.3 The Earth’s building blocks
The fractionated RLE ratios in EC components provide insights into the nature of the Earth’s
building blocks, which are considered to be dominated by EC-like materials based on isotopic
constraints (e.g., Javoy et al., 2010; Warren, 2011; Dauphas, 2017; Boyet et al., 2018). Multiple
observations suggest that the BSE has CI-like RLE ratios (e.g., Al/Ti, Zr/Hf, Ca/Al and Sm/Nd,
excepting possibly Nb/RLE; McDonough and Sun, 1995; Münker et al., 2003; Stracke et al.,
2012; Bouvier et al., 2008b; Bouvier and Boyet, 2016; Burkhardt et al., 2016;Willig and Stracke,
2019; Hasenstab et al., 2020). If the Earth’s accretion was dominated by highly reduced, EC-like
materials, their silicate fractionmight have fractionated RLE ratios due to depletion of nominally
lithophile, but moderately chalcophile refractory elements (e.g., Ti, Zr, Ca, REE). To produce
the CI-like RLE ratios of the BSE, the reduced silicates and RLE-bearing sulfides should have
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been jointly incorporated into the accreting Earth. Subsequently, RLE hosted in these sulfides
must have been re-incorporated into the silicate mantle, which requires a progressive oxidation
of the Earth’s interior (Corgne et al., 2008; Mann et al., 2009; Schönbächler et al., 2010; Rubie
et al., 2011, 2015). An important implication of this scenario is that the Earth’s silicate and
sulfide building blocks should have originated in the same chemical reservoir which originally
had a solar-like unfractionated RLE composition. In addition, these disk materials should have
accreted to planetesimals before being physically separated in the protoplanetary disk.
Alternatively, the distinct RLE composition of silicate fractions of EC and Earthmight reflect
distinct formation temperatures of their precursors. Importantly, the bulk Earth is depleted in S,
but have chondritic Fe/Si value (Dreibus and Palme, 1996; McDonough, 2014), indicating that
its S depletion was established during a nebular condensation, rather than separation of sulfides
from silicates by the physical sorting within the accretionary disk. Under highly reducing nebu-
lar conditions as recorded by EC, refractory sulfides such as oldhamite and niningerite condense
at 1000–800 K, whereas troilite condenses at <700 K as a major S-bearing phase (Hutson and
Ruzicka, 2000; Pasek et al., 2005). Therefore, RLE compositions of highly reduced silicates
condensed before the precipitation of these sulfides should not have been fractionated due to
sulfide-silicate separation as recorded in EC chondrules. This scenario supports the condensa-
tion of Earth’s precursors at higher temperatures as compared to the EC materials, which have
been previously proposed based on the EC’s elevated abundances of moderately volatile ele-
ments and lowMg/Si and RLE/Mg ratios of EC (Kerridge, 1979; Larimer, 1979; Dauphas et al.,
2015; Morbidelli et al., 2020; Yoshizaki and McDonough, 2020a).
Our observations revealed distinct RLE compositions of the silicate fractions of EC and
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Earth, which further emphasize the compositional distinctions between EC and Earth (Palme
et al., 1988; McDonough and Sun, 1995; Yoshizaki and McDonough, 2020a). The distinction
between EC and Earth reflects an unrepresentative sampling of the solar system materials in our
meteorite collections due to restricted source regions of meteoritic samples (DeMeo and Carry,
2014; Heck et al., 2017) and/or a lack of leftovers of the Earth’s building blocks in the present-
day solar system (Drake and Righter, 2002). Although there is no meteorite group that matches
the chemical and isotopic composition of Earth, EC and their components provide unique and
useful guides to the origin, nature, and geochemical evolution of the Earth-forming materials
(Dauphas et al., 2015; Morbidelli et al., 2020; Yoshizaki and McDonough, 2020a).
2.4.4 Implications for the composition of Mercury
The RLE fractionation observed in the silicate fraction of EC (Figures 2.2 to 2.4) indicates
that caution is needed when modeling RLE abundance of highly reduced bodies that have expe-
rienced an open-system metal-silicate separation (e.g., physical sorting before and during plan-
etary accretion, collisional erosion of a mantle). The most notable example is Mercury, which
is one of the most reduced bodies in our solar system and has an elevated bulk Fe/Si ratio that
might reflect a selective removal of silicates and/or preferred accretion of metal/sulfide phases
(Nittler et al., 2011; Ebel and Stewart, 2018; Margot et al., 2018).
The elemental abundance of the Mercury’s surface was measured by the MErcury Surface,
Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft, which provided
important constraints on the chemical composition and interior structure of the planet (Nittler
et al., 2011, 2018, 2020; Peplowski et al., 2011). Recently, Cartier et al. (2020) showed that Al/Ti
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ratio in the bulk silicate Mercury is ∼50% higher than the CI value, based on the MESSENGER
data. By assuming that the bulk Mercury has a chondritic Al/Ti value, the authors concluded
that the Ti depletion in the Mercury’s surface was produced by a S-bearing core formation under
reducing condition, and estimated a thickness of a troilite layer at the core-mantle boundary.
In contrast, chondrules and sulfides from EC show clear evidence for Al/Ti fractionation in a
highly reduced nebular environment before planetary accretion and differentiation (Figure 2.4).
Therefore, the super-CI Al/Ti value of the Mercury’s silicate shell might reflect both nebular
and planetary RLE fractionation processes under reducing conditions. Importantly, if the planet
preferentially accreted metal/sulfide phases (Wurm et al., 2013; Kruss and Wurm, 2018, 2020),
bulk Mercury can be enriched in moderately chalcophile RLE (e.g., Ti, REE, Nb, Ca) compared
to Al, thereby invalidating the constant RLE ratio rule. Thus, the constant RLE rule should be
used with caution, at least when estimating chemical compositions of highly reduced bodies.
As we described in Section 2.4.3, highly reduced silicates condensing from a cooling nebular
gas before the precipitation of RLE-bearing sulfides may not be affected by a significant RLE
fractionation due to sulfide-silicate separation. The observations by the MESSENGER mission
indicate that the surface materials of Mercury have less fractionated RLE ratios and lower abun-
dances of moderately volatile elements as compared to the silicate fractions of EC (Nittler et al.,
2011, 2018, 2020; Peplowski et al., 2011; Evans et al., 2015; Cartier et al., 2020). These observa-
tions might suggest that the building blocks of Mercury have condensed at higher temperatures




Refractory lithophile elements (RLE) can be fractionated due to their different chalcophile
affinities under highly reducing nebular conditions. Chondrules from enstatite chondrites (EC)
record RLE fractionation due to a sulfide-silicate separation before and/or during chondrule
formation events under a highly reduced nebular environments, documenting that RLE ratios
are not constant among the planetary building blocks. In contrast, the bulk EC have CI-like
RLE ratios, indicating a negligible physical sorting of silicates and sulfides before and during the
accretion of EC parent bodies. Similarly, the Earth’s building blocks might have not experienced
the physical sorting of silicates and sulfides. Alternatively, they have condensed from a high-
temperature nebular gas in which RLE-bearing sulfides were not stable. The accessible Earth’s
Nb depletion and its chondritic Ti/RLE values might reflect the moderately siderophile behavior
of Nb during the Earth’s accretion. The moderately chalcophile behavior of RLE under highly
reducing conditions indicate that the bulk Mercury cannot yield CI-like RLE ratios if its large
core/mantle ratio is originated in a selective removal of silicates.
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The composition and interior structure of Mars1
Abstract
Comparing compositional models of the terrestrial planets provides insights into physico-
chemical processes that produced planet-scale similarities and differences. The widely accepted
compositional model for Mars assumes Mn and more refractory elements are in CI chondrite
proportions in the planet, including Fe, Mg, and Si, which along with O make up >90% of
the mass of Mars. However, recent improvements in our understandings on the composition of
the solar photosphere and meteorites challenge the use of CI chondrite as an analog of Mars.
Here we present an alternative model composition for Mars that avoids such an assumption and
is based on data from martian meteorites and spacecraft observations. Our modeling method
was previously applied to predict the Earth’s composition. The model establishes the absolute
abundances of refractory lithophile elements in the bulk silicateMars (BSM) at 2.26 times higher
than that in CI carbonaceous chondrites. Relative to this chondritic composition, Mars has a sys-
tematic depletion in moderately volatile lithophile elements as a function of their condensation
temperatures. Given this finding, we constrain the abundances of siderophile and chalcophile
1This chapter has been published as: Yoshizaki, T., McDonough, W.F., 2020. The composition of Mars.
Geochimica et Cosmochimica Acta 273, 137–162. doi:10.1016/j.gca.2020.01.011. T. Yoshizaki and W.F. Mc-
Donough contributed to the interpretation of the data and establishment of the models. The text is jointly written
by T. Yoshizaki and W.F. McDonough. All tables and figures were created by T. Yoshizaki.
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elements in the bulk Mars and its core. The martian volatility trend is consistent with ≤7 wt%
S in its core, which is significantly lower than that assumed in most core models (i.e., >10 wt%
S). Furthermore, the occurrence of ringwoodite at the martian core-mantle boundary might have
contributed to the partitioning of O and H into the martian core.
3.1 Introduction
Mars is the second best-explored planet in our solar system, given multiple space missions
and cosmochemical studies on martian meteorites (McSween and McLennan, 2014). Therefore
comparison of physical and chemical properties of Mars with those of the Earth can provide
important insights into the origin and evolution of the rocky planets, especially conditions for
habitable planet formation. Radioisotope dating of martian meteorites demonstrates that its
accretion and evolution occurred earlier than that of the Earth (Dauphas and Pourmand, 2011;
Kruijer et al., 2017b; Bouvier et al., 2018). The rapid formation of Mars is consistent with a peb-
ble accretion and/or runaway and oligarchic growth model, depending upon model assumptions
(Dauphas and Pourmand, 2011; Johansen et al., 2015b; Levison et al., 2015). Thus, a compari-
son of the composition of Mars and the Earth (McDonough and Sun, 1995; McDonough, 2014)
will provide insights into processes of planetary formation and evolution.
Compositional modeling of terrestrial planets requires determining the abundances and dis-
tribution of elements, given limited chemical data from their silicate shell, knowledge of the be-
havior of elements in different P-T -composition- fO2 conditions (Table 3.1), and constraints from
their geodetic properties. A compositional model for the bulk planet and its core and mantle can
be used to understand the many and markedly different processes involved in its accretion and
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differentiation. Models for the chemical composition of Mars (e.g., Morgan and Anders, 1979;
Longhi et al., 1992; Wänke and Dreibus, 1994; Lodders and Fegley, 1997; Sanloup et al., 1999;
Halliday et al., 2001; Burbine and O’Brien, 2004; Taylor, 2013) have been reviewed recently by
Taylor (2013). Limited cosmochemical constraints and seismic data from Mars make it difficult
to evaluate critically these competing models. Importantly, most existing models assume Mars’
major element composition equates to that in CI carbonaceous chondrites. Chondrites are un-
differentiated assemblage of metal and silicate (Scott and Krot, 2014). Chondritic meteorites,
especially the CI carbonaceous chondrites, are chemically similar to the solar photosphere (e.g.,
Palme et al., 2014a), which is taken to reflect the Sun’s abundances of non-gaseous elements. At
>99% of mass of the solar system, understanding the Sun’s composition and that of chondrites,
the building blocks of the terrestrial planets, is key to understanding the sources and processes
involved in making the planets.
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Table 3.1. Cosmochemical (refractory and volatile) and geochemical (lithophile, siderophile, chalcophile and at-
mophile) classification of elements. Elements are in the order of their 50% condensation temperature (50% Tc) in a
gas of solar composition at 10 Pa (Lodders, 2003). Elements with multiple geochemical affinity (e.g., lithophile and
chalcophile behavior of Zn) are shown in both classifications.
50% Tc (K) Lithophile Siderophile Chalcophile
Refractory 1821–1355 Zr, Hf, Sc, Y, Gd, Tb, Dy, Re, Os, W, Ir, Mo,
Ho, Er, Tm, Lu, Th, Al, U, Ru, Pt, Rh
Nd, Sm, Ti, Pr, La, Ta, Nb,
Ca, Yb, Ce, Sr, Ba, Be, Eu
Major component 1355–1250 Mg, Fe, Si, Cr Ni, Co, Fe, Pd, Cr Fe
Moderately volatile 1250–600 Mn, Li, K, Na, Ga, B, P, Mn, As, Au, Cu, Ag, Sb, Zn, Te, Se, S, Cd
Rb, Cs, F, Zn Ga, Ge, Bi, Pb, Te, Sn
Volatile 600–252 Cla, Br, I, Tl Inb, Tl, Hg
50% Tc (K) Atmophile
Highly volatile <252 O, N, Xe, Kr, Ar, C, Ne, He, H
a Condensation temperature of Cl, Br and I may be similar (Clay et al., 2017; Wood et al., 2019).
b Condensation temperature of In might be ∼800 K (Righter et al., 2017).
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The Wänke and Dreibus family of models (Wänke, 1981, 1987; Dreibus and Wänke, 1984,
1987; Wänke and Dreibus, 1988, 1994) is the most widely accepted compositional model of
Mars. It is based on the chemical composition of martian meteorites and assumes that Mn and
more refractory elements (Table 3.1) are in CI-like proportions in Mars, and considers CI chon-
drites as one of the components of Mars’ building materials. Abundances of other less refractory
elements are determined from chemical correlations with refractory or major elements. Many
studies use a similar approach (Longhi et al., 1992; Halliday et al., 2001; Taylor, 2013). Taylor
(2013) revisited and updated the Wänke and Dreibus model using the more abundant, recent
chemical data for martian meteorites and spacecraft observations, and found no significant dif-
ference with the Wänke and Dreibus model. This model is the standard for most geochemical
and geophysical modeling (e.g., Sohl and Spohn, 1997; Khan et al., 2018) and experimental
work (e.g., Bertka and Fei, 1997, 1998a).
As an alternative approach, Morgan and Anders (1979) determined martian refractory and
moderately volatile element abundances based on K/Th (i.e., volatile/refractory) ratio of 620,
which was measured for the martian surface by a gamma-ray survey (GRS) in the Mars 5 orbiter
mission in 1970s (Surkov, 1977). This K/Th value is significantly lower than recently observed
values (∼5300; Taylor et al., 2006a,b). The Morgan and Anders (1979) model also assumes
CI-like Mg/Si ratio for Mars as did by Wänke and Dreibus (1994).
The chemical composition ofMars has also been estimated using a mixing ratio of chondritic
meteorites that can reproduce the O-isotopic composition of martian meteorites (Lodders and
Fegley, 1997; Sanloup et al., 1999; Burbine and O’Brien, 2004). This approach estimates high
volatile abundances for the terrestrial planets (e.g., K/Th ∼ 16400 for Mars; Lodders and Fegley,
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1997), which are not consistent with the measured planetary surface compositions (Surkov et al.,
1986, 1987;McDonough and Sun, 1995; Taylor et al., 2006a,b; Peplowski et al., 2011; Prettyman
et al., 2015).
Here we present an alternative compositional model for Mars. Given the recent improve-
ments in our understandings on the composition of the solar photosphere and meteoritic samples
(Section 3.2), we avoid the CI chondrite assumption. We base our model on data from martian
meteorites and spacecraft observations and use a method that was previously applied to predict
the Earth’s composition. We determine a unique composition for bulk silicate Mars (BSM) and
a best fit, non-unique model for its core composition. By establishing the systematic depletion
in volatile elements in the BSM, we show that the core has ≤7 wt% S along with O and H as
light elements. We discuss similarities and differences between the Earth and Mars and possible
causes of these differences in Chapter 4.
3.2 Recent developments in understanding the solar system
Over the last decade, technological advances and insights have revealed markedly new per-
spectives about the Sun’s composition and restrictions in the radial distribution of certain chon-
dritic materials. Multiple challenges have been advanced regarding the solar photosphere’s com-
position, weakening the use of CI chondrites as a proxy for the bulk solar composition. Spec-
troscopic observations of the solar photosphere and assumptions about local thermodynamic
equilibrium in modeling the photosphere’s composition are used to constrain its elemental abun-
dances (e.g., Asplund et al., 2009). The solar metallicity problem notes the significant difference
in estimates of the sun’s metallicity (Z, abundance of elements in the Sun heavier than He) from
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spectroscopic observations versus helioseismology (e.g., Basu and Antia, 2008b; Haxton et al.,
2013; Bergemann and Serenelli, 2014). The former method suggests 30 to 40% lower metal
content in the Sun and the finding is at 5σ to 15σ outside the limits set by helioseismology for
the Sun’s surface He abundance, the sound speed in the convective zone, and the depth of the
convective zone boundary. Data from experiments on the opacity of metals in high tempera-
ture plasma (Bailey et al., 2015; Nagayama et al., 2019), the composition of solar wind particles
(Schmelz et al., 2012), andmeasurements of the solar neutrino flux (Haxton et al., 2013; Agostini
et al., 2018) are in mutual agreement with findings from helioseismology, regarding the Sun’s
metallicity. One solution to the problem is to have a significant increase in the Sun’s abundance
of Mg, Si, S and Fe, which leads to a hotter core temperature (Basu and Antia, 2008b; Asplund
et al., 2009; Bergemann and Serenelli, 2014).
It is also important to recognize the accretion settings of different chondritic parent bod-
ies. Isotopic distinctions (e.g., O, Ni, Cr, Ti, Mo, W) are now clearly established for the non-
carbonaceous and carbonaceous (NC and CC, respectively) meteorite groups, including the
chondrites (Warren, 2011; Dauphas and Schauble, 2016; Kruijer et al., 2017a). These differ-
ences likely originated because of a limited radial transport in the accretion disk, which may
have been controlled by an early-formed young Jupiter (Walsh et al., 2011; Kruijer et al., 2017a;
Raymond and Izidoro, 2017; Desch et al., 2018) (cf. Lichtenberg et al., 2021). As members of
the inner solar system NC group, Mars and Earth are isotopically most similar to ordinary and
enstatite chondrites, respectively, whereas CI chondrites are isotopically a part of the CC group
meteorites, which are taken to sample the outer solar system building blocks. Trace element
chemistry of NC and CC meteorites supports this isotopic divide of two groups (Dauphas and
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Pourmand, 2015; Barrat et al., 2016b). The <10% variation in relative abundances of refractory
elements among NC and CC chondrites (e.g., Masuda, 1957; Coryell et al., 1963; Larimer and
Wasson, 1988; Wasson and Kallemeyn, 1988; Bouvier et al., 2008b) is used to constrain compo-
sitional models of the Earth by accepting these chondritic refractory element ratios (McDonough
and Sun, 1995; Palme and O’Neill, 2014). Thus, we recommend not using a CI-chondrite com-
positional model for the inner terrestrial planets, including Mars, especially for non-refractory
elements. Here we develop a compositional model for Mars that is based on martian rocks and
is free of the CI chondrite assumption for non-refractory elements. As a reference frame for
comparing meteorites and planetary compositions, including for the production of chondrite-
normalized patterns (e.g., rare earth element (REE) diagrams), the CI composition provides a
useful standard. In this paper, we use the CI reference frame without it having any implications
for the origin of materials that formed Mars and other terrestrial planets.
3.3 Data
A compilation of chemical and isotopic data of martian meteorites was used in this study,
with most data coming from the Martian Meteorite Compendium (Righter, 2017) and the online
MetBase database (https://metbase.org/). Shergottites, especially poikilitic (previously identi-
fied as lherzolitic) samples, were used to estimate the composition of the bulk silicate Mars
(BSM). These samples have experienced crystal accumulation, but their composition maintain
critical imprints of their primordial origins. We complement this suite of rocks with data from
olivine and basaltic shergottites in order to elucidate melt-residue correlations. In most cases
we excluded nakhlites, chassignites and other ungrouped martian meteorites (e.g., Allan Hills
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(ALH) 84001) from our analyses because these samples are variably thermally modified cumu-
lates, or show more complex lithologies rather than being simple melt-derived rocks (McSween,
2008; Day et al., 2018). Paired martian meteorites (e.g., Northwest Africa (NWA) 2975 and
NWA 2986) are treated as one sample. Several analyses which are unrepresentative due to sam-
ple heterogeneity or terrestrial contamination are also excluded from our dataset. Average values
of elemental abundances in each martian meteorite are calculated and used in the compositional
modeling. We also use data from the martian surface as measured by spacecraft missions using
GRS (Taylor et al., 2006a,b; Boynton et al., 2008). For some elemental abundances, we adopted
estimates by recent studies (e.g., Yang et al., 2015; Wang and Becker, 2017; Tait and Day, 2018;
see Section 3.4). Errors are reported as 1 standard deviations, unless otherwise noted. For a
CI chondritic composition (Table 3.2), we adopted the value proposed by Palme et al. (2014a)
for most elements, with some modifications for halogens (Clay et al., 2017), Mo, Tl, Bi (Wang
et al., 2015), highly siderophile elements (Day et al., 2016), and U (Wipperfurth et al., 2018).
We note that our compositional modeling of Mars is based on limited chemical data from
martian rocks that might not be representative samples of the martian crust or mantle (e.g., Tay-
lor, 2013 and references therein). As is likely the case for the Earth, there is likely no residual
domain of the primitive BSM remaining. In addition, multiple evidence indicate compositional
heterogeneity in the martian mantle and crust. Incompatible element compositions (McLennan,
2003), radiogenic isotope systematics (e.g., initial 87Sr/86Sr and 143Nd/144Nd; Norman, 1999;
Blichert-Toft et al., 1999; Symes et al., 2008) and redox state (Wadhwa, 2001; Hui et al., 2011)
of shergottites indicate the presence of at least two distinct sources in the martian mantle, whose
origin remains unconstrained (e.g., Symes et al., 2008; Brandon et al., 2012; McSween, 2015).
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Table 3.2. Composition of CI chondrites adopted in this study.
Element Unita Value Referenceb Element Unita Value Referenceb
H % 1.97 P14 Rh ppm 0.132 P14
Li ppm 1.45 P14 Pd ppm 0.56 P14
Be ppm 0.0219 P14 Ag ppm 0.201 P14
B ppm 0.775 P14 Cd ppm 0.674 P14
C ppm 34800 P14 In ppm 0.0778 P14
N ppm 2950 P14 Sn ppm 1.63 P14
O % 45.9 P14 Sb ppm 0.145 P14
F ppm 58.2 P14 Te ppm 2.28 P14
Na ppm 4962 P14 I ppm 0.057 C17
Mg % 9.54 P14 Cs ppm 0.188 P14
Al % 0.840 P14 Ba ppm 2.42 P14
Si % 10.7 P14 La ppm 0.241 P14
P ppm 985 P14 Ce ppm 0.619 P14
S ppm 53500 P14 Pr ppm 0.0939 P14
Cl ppm 115 C17 Nd ppm 0.474 P14
K ppm 546 P14 Sm ppm 0.154 P14
Ca % 0.911 P14 Eu ppm 0.0588 P14
Sc ppm 5.81 P14 Gd ppm 0.207 P14
Ti ppm 447 P14 Tb ppm 0.0380 P14
V ppm 54.6 P14 Dy ppm 0.256 P14
Cr ppm 2623 P14 Ho ppm 0.0564 P14
Mn ppm 1916 P14 Er ppm 0.166 P14
Fe % 18.66 P14 Tm ppm 0.0261 P14
Co ppm 513 P14 Yb ppm 0.169 P14
Ni ppm 10910 P14 Lu ppm 0.0250 P14
Cu ppm 133 P14 Hf ppm 0.107 P14
Zn ppm 309 P14 Ta ppm 0.0150 P14
Ga ppm 9.62 P14 W ppm 0.0960 P14
Ge ppm 32.6 P14 Re ppm 0.0381 D16
As ppm 1.74 P14 Os ppm 0.461 D16
Se ppm 20.3 P14 Ir ppm 0.431 D16
Br ppm 0.189 C17 Pt ppm 0.874 D16
Rb ppm 2.32 P14 Au ppm 0.175 D16
Sr ppm 7.79 P14 Hg ppm 0.35 P14
Y ppm 1.46 P14 Tl ppm 0.169 W15
Zr ppm 3.63 P14 Pb ppm 2.62 P14
Nb ppm 0.283 P14 Bi ppm 0.087 W15
Mo ppm 0.87 W15 Th ppm 0.0300 P14
Ru ppm 0.69 P14 U ppm 0.00796 W18
a ppm– µg/g.
b C17–Clay et al. (2017); D16–Day et al. (2016); P14–Palme et al. (2014a); W15–
Wang et al. (2015); W18–Wipperfurth et al. (2018).
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Furthermore, radiogenic isotope systematics of nakhlites and chassignites indicate a third reser-
voir which was moderately depleted in incompatible elements (Jones, 2003; Foley et al., 2005;
Treiman, 2005; McCubbin et al., 2013; Day et al., 2018; Udry and Day, 2018). Lower K, Th and
Fe abundances and the lower K/Th ratio of shergottites than that of the martian crust measured
by Mars Odyssey GRS, are also consistent with diverse sources in the martian mantle (McLen-
nan, 2003; Taylor et al., 2006a). These observations may reflect a highly heterogeneous mantle
and possibly unrepresentative sampling of the martian crust by martian meteorites. The compo-
sitional model of Mars proposed in the current work is the best estimate based on data available
today, but it is potentially influenced by these problems.
3.4 Composition of the bulk silicate Mars
3.4.1 Refractory lithophile elements
Refractory lithophile elements (RLE; Table 3.1) remain in the silicate shell during core-
mantle differentiation and their relative abundances show limited variation (generally <10%)
among chondritic meteorites (e.g., Masuda, 1957; Coryell et al., 1963; Larimer and Wasson,
1988; Wasson and Kallemeyn, 1988; Bouvier et al., 2008b). Thus, if you establish the abso-
lute concentration of one RLE, you can calculate the abundances of all of the others based on
chondritic ratios (e.g., Sm/Nd, Lu/Hf, Ca/Al).
As a first step in determining the composition of Mars, we independently tested if Mars has
chondritic ratios of the RLE. We used ratio-ratio plots to demonstrate that the trends cross at
the intersection of the primitive joint chondritic compositions when using two pairs of refrac-
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tory lithophile elements with different incompatibilities (Figure 3.1). Poikilitic shergottites are
interpreted to be olivine-pyroxene cumulates derived from basaltic magma, whereas other sher-
gottites are considered to have formed as lava flows (e.g., McSween and McLennan, 2014). As
has been observed for terrestrial komatiites (e.g., Sun, 1982; Arndt and Jenner, 1986), we find
that cumulates and their co-existing melts (basaltic shergottites) fall along differentiation trends
that project back to residual peridotite compositions (Figure 3.1). Thus, these chemical trends
see through previous melt-residue differentiation events back to their primordial compositions,
which are chondritic RLE ratios, within uncertainties. Given this finding, all RLE are taken to
be in chondritic relative proportions in the BSM and, by implication, in bulk Mars too. From
this starting point, we can directly determine the BSM abundances of most elements, whose con-
centrations are correlated with ratios or abundances of refractory lithophile elements in martian
rocks, due to chemical trends resulting from melt-residue differentiation.
The absolute abundance of the RLE are established using variation diagrams involving a
single RLE versus an RLE ratio (Figure 3.2). The poikilitic shergottite are the best recorders
of melt depletion trends, providing an accurate estimate of the primitive BSM composition.
Using these melt depletion trends for multiple element combinations, we estimate the absolute
abundance of the RLE in the BSM at ∼2.26 times that in CI chondrites with ∼10% uncertainties
(cf. 2.75 × CI in the bulk silicate Earth (BSE); McDonough and Sun, 1995). The uncertainty for
the absolute abundances of RLE in the BSMwas determined from an analysis of the uncertainties
associated with the intercepts of Hf/Sc or Ti/Sc and the heaviest nine REE. The Hf/Sc and Ti/Sc
ratios were used because they represented the greatest differences in D-values with Hf and Ti
being the most incompatible and Sc being the least incompatible. Doing so provides the greatest
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Figure 3.1. Ratios versus ratios of refractory lithophile elements in shergottites. The values are
normalized to CI chondrite abundance (Table 3.2). Horizontal and vertical gray bands show CI
ratio ± 10%. Trend lines for all shergottites and poikilitic shergottites, shown in solid black and
broken purple lines, respectively, cross CI chondritic compositions, showing that these chemical
trends reflect melt-residue differentiation in the martian silicate mantle. SHE-P, SHE-B and
SHE-Ol are poikilitic, basaltic and olivine-phyric shergottites, respectively.
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leverage in the regression analyses and their uncertainties. The estimated RLE abundance in the
BSM is ∼20 % higher than that of the Wänke and Dreibus (1994) model.
3.4.2 Major elements (Mg, Si, and Fe)
Magnesia correlates negatively with RLE abundances in shergottites (Figure 3.3) and trends
for multiple RLE establish the MgO abundance at 31.0 ± 2.0 wt% for the BSM. There is lim-
ited variation in silica contents in shergottites (Figure 3.4), reflecting silicon’s bulk distribution
coefficient of ∼1 during silicate melt production. The SiO2 content of the martian surface as
measured by GRS (Boynton et al., 2007) overlaps with the range found in basaltic shergottites,
confirming the bulk crust of Mars is basaltic (McSween et al., 2009). By averaging the SiO2
abundances in shergottites, we estimate 45.5 ± 1.8 wt% SiO2 for the BSM. Assuming no Si or
Mg in the martian core, our BSM and bulk Mars model compositions have a Mg/Si value of 0.88
± 0.07, which agrees with an estimate based on Si isotope systematics (0.86 ± 0.05; Dauphas
et al., 2015). Uncertainty in the Mg/Si value for the BSM does, however, overlap with average
values for ordinary (∼0.82) and carbonaceous chondrites (∼0.92).
As compared to the Earth’s mantle, the martian mantle is more oxidized and martian mete-
orites, including the least evolved samples, have distinctly lower Mg# (atomic ratio of Mg/(Mg +
Fe)) relative to basalts from the Earth (e.g., Wadhwa, 2001, 2008; Herd et al., 2002). Estimates
of the Mg# of the martian mantle range between 0.7 and 0.8, and the Wänke and Dreibus model
have Mg# = 0.75 (Table 3.3). The melt-rock partition coefficient for FeO (DFeO) reported by
Taylor (2013) is 0.95 ± 0.06. From this value, the author concluded that the martian mantle FeO
content is 18.1 ± 2.2 wt% (2σm), which leads to Mg# comparable to the estimate of Wänke and
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Figure 3.2. Ratios versus abundances of refractory lithophile elements in poikilitic shergottites.
The values are normalized to CI chondrite ratios/abundance (Table 3.2). Horizontal gray bands
show CI ratio ± 10%. The correlations among multiple element combinations indicate that
refractory lithophile element abundance in the BSM is 2.26 times higher than in the CI chondrites
(cf. 2.75 × CI in the BSE (McDonough and Sun, 1995)).
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Figure 3.3. Magnesium oxide contents versus CI-normalized abundances of refractory
lithophile elements in shergottites. Horizontal gray bands show the CI-normalized abundance of
refractory lithophile elements in the BSM with 10% uncertainties. Intercepts of the correlation
lines and the BSM composition suggest 31.0 ± 2.0 wt% MgO in the BSM. SHE-P, SHE-B and
SHE-Ol are poikilitic, basaltic and olivine-phyric shergottites, respectively.
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Figure 3.4. Silicon oxide data from shergottites and GRS survey of martian surface. The box
plots show median, minimum, maximum, first and last quartile of SiO2 contents in shergottites.
Outliers which are more than 1.5 times the interquartile range from the end of boxes are shown
in dots. The martian surface composition is determined by gamma-ray spectroscopy (GRS)
(Boynton et al., 2007), whose error is in 1 standard deviation. Horizontal line and gray bands
show BSM abundance of SiO2 of 45.5 ± 1.8 wt%. SHE-P, SHE-B and SHE-Ol are poikilitic,
basaltic and olivine-phyric shergottites, respectively.
Dreibus (1994).
Multiple studies suggest a higher Mg# for the BSM than the Wänke and Dreibus model.
Melting experiments by Agee and Draper (2004) showed that the FeO abundance and high
CaO/Al2O3 ratio of shergottites cannot be reproduced by mantle differentiation from the BSM
withMg# = 0.75, but it can be derived from amore Fe-poor mantle with anMg#∼ 0.80. Olivines
in primitive depleted shergottites reach Mg# of 0.86 (Usui et al., 2008), which requires exten-
sive (>50%) melting of the martian primitive mantle if the BSM has Mg# = 0.75, which is
unlikely to be achieved when shergottites formed (Musselwhite et al., 2006). On the other hand,
with an Fe-poor martian primitive mantle (Mg# ∼ 0.80), much lower degrees of mantle melting
98
Table 3.3. Comparison of compositional models of the bulk silicate Mars.
wt% This study WD94a T13b MA79c OK92d LF97e S99f KC08g
SiO2 45.5 44.4 43.7 41.6 43.0 45.4 47.5 44
TiO2 0.17 0.14 0.14 0.33 0.24 0.14 0.1 -
Al2O3 3.59 3.02 3.04 6.39 3.48 2.89 2.5 2.5
MnO 0.37 0.46 0.44 0.15 0.22 0.37 0.4 -
FeO 14.7 17.9 18.1 15.9 15.1 17.2 17.7 17
MgO 31.0 30.2 30.5 29.8 34.3 29.7 27.3 33
CaO 2.88 2.45 2.43 5.16 2.81 2.36 2.0 2.2
Na2O 0.59 0.5 0.53 0.10 0.46 0.98 1.2 -
K2O 0.043 0.037 0.037 0.009 - 0.11 - -
P2O5 0.17 0.16 0.19 - - 0.18 - -
NiO 0.046 - 0.03 - - - - -
Cr2O3 0.88 0.76 0.73 0.65 0.40 0.68 0.7 -
K (ppm) 360 305 309 76.5 - 920 - -
Th (ppb) 68 56 58 125 - 55 - -
U (ppb) 18 16 16 35 - 16 - -
Total 99.9 100 99.8 100 100 100 100 98.7
Mg# 0.79 0.75 0.75 0.77 0.75 0.76 0.72 0.77
Mg/Si 0.88 0.88 0.90 0.92 1.03 0.84 0.74 0.97
Al/Si 0.09 0.08 0.08 0.17 0.09 0.07 0.06 0.06
RLE/CIh 2.3 2.1 2.1 4.4 2.4 2.0 1.7 1.9
Fe/Si 0.54 0.67 0.69 0.63 0.58 0.63 0.62 0.64
Fe/Al 6.0 8.7 8.7 3.6 6.4 8.8 10.4 10.0
HBSMi(TW) 2.5 2.0 2.0 3.4 - 3.0 - -
HBSM (pW/kg) 4.8 4.1 4.2 7.0 - 6.2 - -
a Wänke and Dreibus (1994).
b Taylor (2013).
c Morgan and Anders (1979).
d Ohtani and Kamaya (1992).
e Lodders and Fegley (1997).
f Sanloup et al. (1999) (EH45:H55 model).
g Khan and Connolly (2008).
h An average enrichment factor of major refractory lithophile elements (Ca, Al and Ti)
compared to CI abundance (Table 3.2).
i Heat production in the bulk silicate Mars (BSM: mantle + crust).
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can produce the high-Mg olivine (Musselwhite et al., 2006; Collinet et al., 2015; McCoy et al.,
2016). Collinet et al. (2015) concluded that the martian mantle has heterogeneous Mg# ranging
between 0.75–0.82. The Fe-poor BSM model is multiply supported by geochemical and geo-
physical modeling (Borg and Draper, 2003; Draper et al., 2005; Minitti et al., 2006). Given these
observations, we prefer to adopt the FeO-poor (Mg# = 0.79 ± 0.02) primitive martian mantle
composition, which gives an FeO content of 14.7 ± 1.0 wt% in the BSM. Collectively, these
findings for the RLE (Al, Ca and Ti) oxides, magnesia, silica and ferrous iron sets the BSM
composition at a total of 97.8 wt% (Table 3.4).
3.4.3 Non-refractory lithophile elements
3.4.3.1 Manganese, chromium and vanadium
The MnO concentration in the BSM (Wänke and Dreibus, 1994; Taylor, 2013) is established
foremost from the nearly constant FeO/MnO ratio in martian meteorites (shergottite average
39.4 ± 6.7) and the martian mantle’s FeO content, producing a BSM having 0.37 ± 0.07 wt%
MnO. An alternative approach uses experimental studies on the partitioning of Mn at 1–2 GPa
duringmelting (Baratoux et al., 2011; Filiberto and Dasgupta, 2011). Themeasured olivine/melt
partition coefficient for MnO (Takahashi and Kushiro, 1983; Herzberg and Zhang, 1996; Walter,
1998; Wasylenki et al., 2003; Le Roux et al., 2011) is 0.93 ± 0.04 (Taylor, 2013). Using this
value and a shergottite average MnO content (0.48 ± 0.06 wt%) predicts 0.44 ± 0.06 wt% MnO
in the BSM. TheMnO content of the BSM obtained using these methods are in agreement within
uncertainties.
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Table 3.4. Major element composition of the bulk silicate Mars
(BSM). See text for the details of methods used to determine the
BSM abundance of elements.
wt% 1sd rsd% Methoda
SiO2 45.5 1.8 4 Mean SHE
TiO2 0.17 0.02 10 RLE
Al2O3 3.59 0.36 10 RLE
MnO 0.37 0.07 18 FeO/MnO in SNC
FeO 14.7 1.0 7 Mg# = 0.79 ± 0.02b
MgO 31.0 2.0 6 vs RLE in SHE
CaO 2.88 0.29 10 RLE
Na2O 0.59 0.13 22 Na/Al in SHE
K2O 0.043 0.005 11 K/Th (GRS)c
P2O5 0.17 0.05 28 P/Y in SHE
NiO 0.046 0.01 26 Ni/Mg in SHE-P and SHE-Ol








a GRS–gamma-ray spectroscopy; RLE–refractory lithophile ele-
ments; SHE-P–poikilitic shergottites; SHE-Ol–olivine shergot-
tites; SNC–shergottite, nakhlite and chassignite.
b Borg and Draper (2003); Agee and Draper (2004); Draper et al.
(2005); Minitti et al. (2006); Musselwhite et al. (2006); Collinet
et al. (2015); McCoy et al. (2016).
c Taylor et al. (2006a,b).
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Chromium correlates with Al (R2 = 0.72) in poikilitic and olivine-phyric shergottites Fig-
ure 3.5A). Where the Cr-Al trend crosses the Al content of the BSM yields 0.88 ± 0.15 wt%
Cr2O3 in the BSM. The CI-normalized abundances in the BSM for Cr and major elements (Mg,
Si and Fe), with similar condensation temperatures (Lodders, 2003), is used to conclude that the
martian inventory of Cr is hosted solely in the mantle.
In the solar nebula, vanadium behaves as a refractory lithophile element (Lodders, 2003).
During the formation of the Earth’s core, V behaved equally lithophile and siderophile (Ring-
wood and Hibberson, 1990;Wade andWood, 2005;Wood et al., 2006, 2009; Corgne et al., 2008;
Siebert et al., 2013), consequently half of the Earth’s inventory of V is considered to be in the
core (McDonough, 2014). Estimates of the V content of the BSM using correlation diagrams
yields ∼130 ppm V, which is an equivalent concentration to that of the other RLE (∼2.26 ×
CI) (note, here and throughout the paper ppm and ppb will refer to parts per million and billion
by weight, respectively). Thus, we conclude that V behaved exclusively as a lithophile element
during Mars’ core formation and is wholly concentrated in the BSM.
3.4.3.2 Sodium and potassium
A log-log abundance plot of Na and Al in poikilitic and olivine-phyric shergottites show a
well-defined slope ∼1 correlation (R2 = 0.83; Figure 3.6A), indicating nearly equal incompati-
bility of these elements during a partial melting of the martian mantle. The limited variation in
Na/Al ratio in shergottites (0.44 ± 0.10) is consistent with a Na2O content of 0.59 ± 0.13 wt%
in the BSM.
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Figure 3.5. Abundances of lithophile elements in poikilitic (purple), olivine-phyric (light blue)
and basaltic (pink) shergottites. (a) Cr vs Al; (b) Li vs Nb; (c) Ca vs B; (d) Al vs Ga; (e) Sr
vs Cl; and (f) B vs F. Horizontal lines and gray bands show the BSM abundances of refractory
lithophile elements and uncertainties (1 sd), respectively.
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Figure 3.6. Log-log plots of elemental concentrations in poikilitic (purple), olivine-phyric (light
blue) and basaltic (pink) shergottites. (a) Al vs Na; (b) La vs Rb; (c) La vs Cs; (d) Th vs W; (e)
Y vs P; and (f) Ag vs Sb.
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The radioactive elements, K, Th and U, have similar partitioning behavior during mantle
melting. Consequently, the martian surface K/Th value of 5300 ± 220, measured by GRS aboard
Mars Odyssey (Taylor et al., 2006a,b), is taken as the bulk K/Th value. Both Th and U are RLE
and this K/Th value gives 0.043 ± 0.005 wt% K2O (360 ppm K; Table 3.5) in the BSM. Our
BSM model has Na/K of 12 ± 3, comparable to the Earth’s ratio (11) and overlapping within
errors of the lower chondritic value (9.1 ± 1.3; Wasson and Kallemeyn, 1988). Importantly, this
ratio of elements increases as a function of the relative condensation temperature, such that Na/K
increases from CI to CM to CO/CV chondrites as refractory to volatile element ratios increase
(Wasson and Kallemeyn, 1988). This trend is consistent with higher Na/K in the Earth andMars.
3.4.3.3 Rubidium
Martian meteorites show a negative trend in a plot of initial ε143Nd versus 87Sr/86Sr val-
ues, establishing the martian mantle array (Figure 3.7). The martian mantle array is shifted to
higher 87Sr/86Sr values compared to the Earth’s mantle array, consistent with Mars’ proportion-
ally higher content of volatile elements. Themartianmantle array yields an initial 87Sr/86Sr value
of 0.709–0.721 in the BSM assuming an initial ε143Nd = 0 for the planet. If Rb/Sr fractionation
took place at the earliest stages of accretion, thenMars’ initial 87Sr/86Sr value is consistent with a
Rb/Sr of 0.08 ± 0.04, and thus 1.5 ± 0.8 ppm Rb in the BSM. Analogous to Na/K, K/Rb ratio for
Mars is 300, which is higher than the CI value (250) and not as volatile depleted as the Earth’s
value (400).
Alternatively, a log-log concentration plot of Rb versus La (slope = 1.0 ± 0.1; R2 = 0.84;
Figure 3.6B) reveals their similar partition coefficients during mantle melting. Using La (an
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Table 3.5. Composition of the bulk silicate Mars. Concentrations are in ppm
(µg/g), otherwise noted. See text for the details of methods used to determine the
BSM abundances of elements.
Element BSM rsd%a Methodb Element BSM rsd% Method
H 16 U See textc Rh 0.0021 4 Mean SNC
Li 1.8 22 vs RLE in SNC Pd 0.0074 70 vs MgOl
Be 0.05 10 RLE Ag 0.02 U Sb/Ag in SHE
B 0.84 63 B/Ca in SHE-P and SHE-Ol Cd 0.020 50 Cd/Yb in SHEi
C 32 U Chondritic C/H In 0.010 50 In/Y in SHEi
N 1.6 U Chondritic N/H Sn 0.25 40 Sn/Sm in SHEi
O (%) 43.2 8 Major oxide stoichiometry, Fe3+ /Fetot = 0.1d Sb 0.02 50 Sb/Pr in SHEi
F 30 U Cl/F in SNCe Te 0.0005 50 Cu/Te and Se/Te in SHEf
Na 4380 22 Na/Al in SHE I 0.014 50 Chondritic I/Clj
Mg (%) 18.7 6 vs RLE in SHE Cs 0.07 41 Cs/La in SHE
Al (%) 1.90 10 RLE Ba 5.47 10 RLE
Si (%) 21.3 4 Mean SHE La 0.546 10 RLE
P 740 28 P/Y in SHE Ce 1.40 10 RLE
S 360 33 S/Cu and S/Se in SHEf Pr 0.212 10 RLE
Cl 28 35 Cl/La in SHEe Nd 1.07 10 RLE
K 360 11 K/Th (GRS)g Sm 0.347 10 RLE
Ca (%) 2.06 10 RLE Eu 0.133 10 RLE
Sc 13.1 10 RLE Gd 0.468 10 RLE
Ti 1010 10 RLE Tb 0.0858 10 RLE
V 123 10 RLE Dy 0.578 10 RLE
Cr 6000 17 vs Al in SHE-P and SHE-Ol Ho 0.128 10 RLE
Mn 2880 18 FeO/MnO in SNC Er 0.374 10 RLE
Fe (%) 11.4 7 Mg# = 0.79 ± 0.02h Tm 0.0590 10 RLE
Co 96 46 Co/Ni in SHE-P and SHE-Ol Yb 0.381 10 RLE
Ni 360 26 Ni/Mg in SHE-P and SHE-Ol Lu 0.0566 10 RLE
Cu 2.6 23 Cu/Ti in SHE Hf 0.241 10 RLE
Zn 45 33 vs Lu in SHE Ta 0.0339 14 RLE
Ga 8.7 22 Ga/Al in SHE W 0.069 54 W/Th in SHE
Ge 0.6 67 vs MgO in SHE-P and SHE-Ol Re 0.0004 75 vs MgOl
As 0.03 76 As/Ce in SHEi Os 0.004 50 vs MgOl
Se 0.10 27 Cu/Se in SHEf Ir 0.0037 60 vs MgOl
Br 0.05 U Chondritic Cl/Brj Pt 0.0096 80 vs MgOl
Rb 1.2 36 Initial 87Sr/86Sr in SNC, vs La in SHE Au 0.002 80 vs MgO
Sr 17.6 10 RLE Hg 0.007 U Hg/Se in NAK and the BSE
Y 3.30 10 RLE Tl 0.004 50 Tl/Sm in SHE
Zr 8.20 10 RLE Pb 0.255 18 U-Pb isotope systematics in SNCm
Nb 0.640 10 RLE Bi 0.002 60 Bi/Th in SHE
Mo 0.5 80 Mo/Ce in SHEk Th 0.0678 10 RLE
Ru 0.0062 60 vs MgOl U 0.0180 10 RLE
a U–≥2 factors of uncertainties. b BSE–bulk silicate Earth; GRS–gamma-ray spectroscopy; NAK–nakhlite; SNC–shergottite, nakhlite and chassignite. RLE–
refractory lithophile elements; SHE-P–poikilitic shergottites; SHE-Ol–olivine shergottites. c McCubbin et al. (2016a,b); Filiberto et al. (2019).
d Schmidt et al. (2013); Medard et al. (2014). e Filiberto et al. (2016); this study. f Wang and Becker (2017).
g Taylor et al. (2006a,b); this study. h Borg and Draper (2003); Agee and Draper (2004); Draper et al. (2005); Minitti et al. (2006); Musselwhite et al. (2006);
Collinet et al. (2015); McCoy et al. (2016). i Yang et al. (2015). j Clay et al. (2017). k Righter and Chabot (2011). l Tait and Day (2018).
m µ (= 238U/204Pb) = 3.6; 208Pb/204Pb = 33; 207Pb/204Pb =13; 206Pb/204Pb = 14.
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Figure 3.7. Initial 87Sr/86Sr versus ε143Nd of martian meteorites. Modified after Day
et al. (2018). Compositions of individual shergottite samples and a compositional range for
nakhlites and chassignites are shown. Isotopic compositions of terrestrial basalts (mid-ocean
ridge basalt (MORB) and ocean island basalts (OIB) are also shown. Assuming that mar-
tian meteorites represent isotopic composition of the martian mantle and Rb/Sr fractionation
at 4.56 Ga, the BSM abundance of Rb is estimated to be 1.6 ± 0.8 ppm Rb. ε143Nd =
[(143Nd/144Nd0)sample/(143Nd/144Nd0)chondritic − 1] × 104. Data are from Day et al. (2018) and
references therein.
RLE) abundance in the BSM, we predict 0.9 ± 0.4 ppm Rb in the BSM, comparable to that
based on the Nd- and Sr-isotopic systematics. An average of these estimated values yields 1.2 ±
0.4 ppm Rb in the BSM.
3.4.3.4 Cesium
In a log-log concentration plot, Cs and La show a trend with a slope of 1.0 ± 0.1 (R2 = 0.78;
Figure 3.6C). The Cs/La ratio in shergottites (0.14 ± 0.10) leads to 0.08 ± 0.06 ppm Cs in the
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BSM. This value is consistent with an average Rb/Cs ratio of shergottites (16.0 ± 3.0) which
indicates 0.07 ± 0.03 ppm Cs in the BSM.
3.4.3.5 Lithium
Lithium correlates with Nb and the LREE in martian meteorites (Figure 3.5B). Intercepts of
the Li-RLE trends and the BSM abundances of the RLE (∼2.26 × CI) yields Li concentration in
the BSM of 1.8 ± 0.4 ppm.
3.4.3.6 Boron
Boron and Ca are correlated in poikilitic and olivine-phyric shergottites (Figure 3.5C), except
for five high-B (>10 ppm B) olivine-phyric shergottite samples discussed by Day et al. (2018).
We agree that these five high-B samples are possibly affected by terrestrial weathering (Curtis
et al., 1980; Yang et al., 2015; Day et al., 2018) and exclude them from consideration. The
average B/Ca (0.41 ± 0.25) in poikilitic and olivine-phyric shergottites leads to 0.84 ± 0.53 ppm
B in the BSM.
3.4.3.7 Gallium
Gallium and Al are positively correlated in shergottites (R2 = 0.84; Figure 3.5D). An average
Ga/Al ratio for shergottites (4.6 ± 0.9) yields 8.7 ± 1.9 ppm Ga in the BSM. Similarly, the
Earth’s average Ga/Al ratio for basalts and mantle rocks is 4.3 (McDonough, 1990), the same as
that for Mars. The abundance of Ga in the BSM and BSE points to its lithophile behavior during
core–mantle differentiation and these cores having negligible quantities of Ga.
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3.4.3.8 Halogens
Efforts to estimate the abundances of the halogens (Cl, F, Br, I) are fraught with challenges,
because halogens are fluid-mobile and thus readily lost during magma degassing and by alter-
ation processes (e.g., Filiberto et al., 2019 and references therein). Many have attempted to filter
martian meteorite data affected by such secondary processes (Dreibus and Wänke, 1985, 1987;
Treiman, 2003; Filiberto and Treiman, 2009; Filiberto et al., 2016, 2019).
Filiberto and Treiman (2009) and Filiberto et al. (2016) constrained Cl/La value for martian
basalt to be 51 ± 17, which is higher than the terrestrial Cl/La ratio (21 ± 6). This Cl/La ratio
and the BSM abundance of La (0.55 ± 0.05 ppm) yields 28 ± 10 ppm Cl in the BSM, which is
our preferred value. We also observed a well-defined correlation between Cl and Sr in martian
meteorites (R2 = 0.79; Figure 3.5E), which corresponds to 32 ± 21 ppm of Cl in the BSM.
Although errors in the Cl abundance estimated by these two methods are large, these values are
consistent in general. Taylor et al. (2010) used GRS data to establish the Cl/K ratio of 1.3 ±
0.2, which is a factor of six higher than the CI value (Table 3.2). Chlorine abundance in the
martian surface reflects secondary deposition and thus high Cl/K ratios are not an indicator of
the primitive Cl content of the BSM (Keller et al., 2006; Filiberto et al., 2019).
There are limited F data for martian meteorites. The few shergottites samples with coupled
F and B data show a correlation (R2 = 0.80; Figure 3.5F), indicating 16 ± 12 ppm F in the BSM.
Filiberto et al. (2016) reported shergottites and terrestrial basalts with a mean Cl/F of 0.8 ± 0.4.
Given terrestrial and martian basalts are modified by magma degassing, which decreases the
initial value, whereas alteration increases the ratio, Filiberto et al. (2016) suggested Cl/F ∼ 1 in
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the martian mantle. Using our estimate of the BSM abundance for Cl, we obtained the BSM
abundance for F of ∼30 ppm, our preferred value.
An average Cl/Br ratio in martian meteorites (224 ± 140; Filiberto et al., 2016) would sug-
gest 0.12 ± 0.09 ppm Br in the BSM. In contrast, the chondritic Cl/Br ratio is 600, which is
comparable to the BSE value (e.g., McDonough and Sun, 1995; Palme and O’Neill, 2014; Clay
et al., 2017 and references therein). If we assume ∼0.12 ppm Br in the BSM, it would result in
a marked spike in the volatility curve singularly for Br. This raises our suspicion and leads us to
question the resiliency of the martian meteoritic record for Br. Thus we conclude Br content of
∼0.05 ppm in the BSM based on the chondritic Cl/Br ratio.
There is limited data for I in martian meteorites, the most volatile of the lithophile elements
(Table 3.1). We do not observe any clear correlation of the halides with other elements. Chon-
dritic meteorites show limited variation of I/Cl ratios (Clay et al., 2017) comparable to that
observed for the BSE composition (e.g., McDonough and Sun, 1995; Palme and O’Neill, 2014;
Clay et al., 2017 and references therein). Assuming the BSM has CI-like I/Cl ratio ((5.0 ± 1.7)
× 10−4; Clay et al., 2017), we estimate 14 ± 7 ppb I in the BSM.
3.4.4 Siderophile and chalcophile elements in the BSM
3.4.4.1 Refractory and major siderophile elements in the BSM
These elements includeW andMo along with Fe, Ni, and Co (Table 3.1). Nickel in poikilitic
and olivine-phyric shergottites correlate with Mg (Figure 3.8A) and their average Ni/Mg ratio is
19.4 ± 5.0, consistent with 0.046 ± 0.012 wt% NiO in the BSM. Likewise these rocks have an
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average Co/Ni ratio of 0.27 ± 0.10, consistent with 96 ± 44 ppm Co in the BSM.
Molybdenum abundance in shergottites is highly variable between 0.05–0.7, and is not well
correlated with lithophile elements. The origin of the wide variation in Mo contents in shergot-
tites is not constrained. Yang et al. (2015) attributes this variation to hydrothermal processes,
whereas Noll et al. (1996) argues that Mo is not fluid-mobile. Based on a broad Mo-Ce co-
variation, Righter and Chabot (2011) and Yang et al. (2015) estimated the BSM abundance of
Mo is 0.08–0.6 ppm. We estimate the BSM to have between 0.1–0.8 ppm Mo.
In a log-log plot for all shergottites, W and Th shows a linear trend with a slope 1.1 ± 0.2
(Figure 3.6D), indicating their similar incompatibilities. Using an average W/Th ratio in sher-
gottites (1.0 ± 0.5), W concentration in the BSM is estimated to be 0.07 ± 0.04 ppm. Our
BSM model has Hf/W of (3.47 ± 1.90), which is consistent with an estimate by Dauphas and
Pourmand (2011).
3.4.4.2 Highly siderophile elements
Highly siderophile elements (HSE) include Re, Os, Ir, Pt, Ru, Rh, Pd and Au. Brandon et al.
(2012) and Tait andDay (2018) estimated the BSM abundances of the HSE based on co-variation
between the HSE and MgO in shergottites. Although Re, Pd and Pt are poorly correlated with
Mg, Tait and Day (2018) assumed MgO ∼ 35 wt% in the BSM and obtained flat, chondrite-
like HSE patterns in the BSM, with absolute abundances at (0.010 ± 0.003) × CI. The MgO
composition of the BSM used by Tait and Day (2018) is slightly higher than our estimate (MgO
∼ 31.0 wt%). However, this difference is negligible for the predicted abundances of the HSE in
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Figure 3.8. Abundances of siderophile elements in poikilitic (purple), olivine-phyric (light blue)
and basaltic (pink) shergottites, nakhlites (orange), and chassignites (blue). (a) MgO vs Ni; (b)
MgO vs Au; (c) Ti vs Cu; (d) MgO vs Ge; (e) Th vs Bi; (f) Zn vs Lu; (g) Zn vs Ti; and (h) Sm vs
Tl. Horizontal lines and gray bands show the BSM abundances of refractory lithophile elements
and uncertainties (1 sd), respectively.
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the BSM and so we adopt the Tait and Day (2018) estimate.
Similarly, Au abundances show a broad correlation with MgO in shergottites (Figure 3.8B).
This correlation indicates ∼2 ppb Au in the BSM, which corresponds to the BSM abundance of
∼ 0.01 × CI (Figure 3.9). Thus it is likely that the bulk of the BSM budget of Au originated in
the late accretion of materials with a chondritic HSE composition.
There are limited data for Rh in martian meteorites with a wide variation, and Rh is not
correlated with other elements in martian meteorites. If we take the mean Rh concentration in
the martian meteorites (∼2 ppb) as the BSM abundance of Rh, this value corresponds to ∼ 0.02
× CI in the BSM, which is close to that of other HSE (Figure 3.9; Tait and Day, 2018).
3.4.4.3 Moderately volatile siderophile elements
Moderately-volatile, siderophile elements include P, Cu, Ge, As, Ag, Sb, Sn, Pb and Bi. A
well-defined positive correlation for P versus Y (R2 = 0.88), with a slope of 1.1 ± 0.1, is seen
for shergottites (Figure 3.6E). Their average P/Y value in shergottites (0.021 ± 0.005) is used to
estimate the P2O5 at 0.17 ± 0.05 wt% in the BSM.
Wang and Becker (2017) estimated Cu in the BSM abundance at 2.0 ± 0.4 ppm, based on
Cu and MgO correlations in shergottites. Similarly, we find positive Cu versus Ti correlations
in shergottites (Figure 3.8C), except for some anomalously high Cu/Ti samples (Cu/Ti > 0.005),
and their average Cu/Ti value (0.0026 ± 0.0005) yields 2.6 ± 0.6 ppm Cu is in the BSM, which
is comparable to the estimate by Wang and Becker (2017).
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Figure 3.9. Abundance of lithophile (purple), siderophile (pink) and chalcophile (blue) elements in the bulk silicate Mars (Table 3.5)
are normalized to CI chondrites (Table 3.2) and plotted against log of the 50% condensation temperature (K) at 10 Pa (see Table 3.1 for
updates to condensation temperatures of elements).
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Germanium does not correlate with lithophile elements in martian meteorites, as mantle
melting produces little variation in Ge content in the melt and residue (Ringwood, 1966). Ger-
manium contents in shergottites ranges from 0.8 ± 0.4 ppm in poikilitic shergottites to 1.5 ± 0.3
ppm in olivine-phyric shergottites and 0.7–2.0 ppm basaltic shergottites. From a weak negative
correlation between Ge and MgO in poikilitic and olivine-phyric shergottites (Figure 3.8D), we
estimate Ge abundance in the BSM is 0.6 ± 0.4 ppm.
In terrestrial rocks, As correlates with Ce (Noll et al., 1996). In contrast, As in shergottites
does not correlate with tested lithophile elements (Yang et al., 2015). Arsenic is a fluid-mobile
element (Noll et al., 1996); thus, the lack of any As-Ce correlation in shergottites might be due
to hydrothermal processes (Yang et al., 2015). By attributing elevated As abundance in some
martian meteorites to the hydrothermal modification and ignoring such data, Yang et al. (2015)
derived 30 ± 25 ppb As in the BSM.
We do not observe any correlation of Sb and Ag with lithophile elements. Yang et al. (2015)
estimated the BSM abundance of Sb to be 0.01–0.03 ppm using a roughly constrained Sb/Pr
ratio of martian meteorites and the BSM abundance of Pr of 0.17 ppm from Lodders and Fegley
(1997). We accept their estimate given that 0.21 ppm Pr in our model does not make significant
changes in the estimation of the BSM abundance of Sb. A log-log plot of Sb versus Ag con-
centrations in shergottites (slope ∼ 1; Figure 3.6F) indicates their similar compatibility during
differentiation. The average Sb/Ag ratio of 1.4 ± 1.0, with Ag being 0.02 ppm in the BSM with
∼90% uncertainty.
Yang et al. (2015) estimated the BSM abundance of Sn, Cd and In based on their broad
correlation with lithophile elements in martian meteorites and a model of BSM abundances
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for lithophile elements by Lodders and Fegley (1997). The observed correlation resulted in
more than a factor of two uncertainties in their estimates. Although abundances of lithophile
elements in our model are different from that of Lodders and Fegley (1997), this difference does
not produce any significant decrease in the estimated BSM abundances of Cd, In and Sn in Yang
et al. (2015). Thus, we accept the BSM abundances of these elements given by Yang et al.
(2015).
The BSM abundance of Pb is constrained from U-Pb isotopic systematics of martian me-
teorites. Martian meteorites have a wide ranges of µ (= 238U/204Pb) values and Pb isotopic
heterogeneity (Nakamura et al., 1982; Misawa et al., 1997; Borg et al., 2005; Bouvier et al.,
2005, 2008a, 2009; Chen and Wasserburg, 1986; Gaffney et al., 2007; Moriwaki et al., 2017;
Bellucci et al., 2018). The recent review of the martian µ value (∼3.6), the average 208Pb/204Pb,
207Pb/204Pb and 206Pb/204Pb in martian meteorites of 33, 12.6 and 13, respectively, and 18 ppb
U (Table 3.5) yields 0.26 ± 0.05 ppm Pb in the BSM.
Bismuth is correlated with Th in shergottites (except for high-Bi samples EETA 79001,
Tissint and NWA 5990; Figure 3.8E) (Yang et al., 2015), which yields 2 ± 1 ppb Bi in the
BSM.
3.4.4.4 Moderately volatile chalcophile elements
Moderately-volatile, chalcophile elements include Zn, Te, Se, S and Cd. As mentioned in
Section 3.4.4.3, we adopt the BSM abundances of Cd estimated by Yang et al. (2015).
Zinc and Lu positively correlate in shergottites (R2 = 0.63; (Figure 3.8F) as do Zn and Ti (R2
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= 0.56; Figure 3.8G), which yield 45 ± 15 ppm and 40 ± 15 ppm Zn, respectively, in the BSM.
These two estimates agree within errors.
Taylor (2013) estimated Zn in the BSM at 18.9 ± 1.5 ppm, whereas as Yang et al. (2015)
proposed 50–70 ppm. Taylor (2013) estimate was based on a Zn–Sc correlation, which is poorly
correlated in our dataset (R2 = 0.27). The relatively flat Zn–Sc trend observed by Taylor (2013)
leads to a poor control on an accuracy estimate. Yang et al. (2015) assumed an olivine-rich
martian mantle and bulk mineral-melt partition coefficients for Zn of ∼1 during mantle melting
(Le Roux et al., 2011; Davis et al., 2013). The positive Zn-Lu correlation in shergottites (Fig-
ure 3.8F) reflects the slightly incompatible nature of Zn in the martian mantle. Thus, Yang et al.
(2015) overestimates the Zn abundance in the BSM.
There is a wide range of estimates for the abundances of S-Se-Te in the BSM (Franz et al.,
2019; Wang and Becker, 2017 and references therein). The limited variation in S/Se/Te ratios
indicates little degassing loss of S, Se and Te, which led Wang and Becker (2017) to derive
the BSM abundance of these elements at 360 ± 120 ppm, 100 ± 27 ppb and 0.50 ± 0.25 ppb,
respectively. Here we adopt their estimates.
3.4.4.5 Volatile chalcophile elements
Volatile siderophile and chalcophile elements include In, Tl and Hg. As described in Sec-
tion 3.4.4.3, we adopt the BSM abundances of In estimated by Yang et al. (2015) in our BSM
model. Thallium is positively correlated with Sm (R2 = 0.73; Figure 3.8H) in shergottites with
a slope of 1.29 ± 0.38 in a log-log slope, indicating 4 ± 2 ppb Tl in the BSM.
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Limited data exist for Hg (≤0.7 ppm) in martian meteorites (Ehmann and Lovering, 1967;
Weinke, 1978; Treiman and Lindstrom, 1997). It is readily contaminated by terrestrial sources, it
is a highly volatile element, and it is lost during magma transport (e.g., Treiman and Lindstrom,
1997). Therefore it is very difficult to constrain the BSM abundance of Hg. Estimates of the
solar abundance of Hg (few hundred ppb) are poorly constrained and Hg is undetectable in the
solar photosphere (Lauretta et al., 1999; Grevesse et al., 2015; Meier et al., 2016). The BSM
abundance of Hg is estimated to be ∼7 ppb, with uncertainty ranging from ≤1 to a few tens of
ppb.
3.4.5 Atmophile elements
The Mars’ volatility trend (Figure 3.9) cannot provide strong constraints on the planetary
abundances of atmophile elements (H, C, N, O, noble gases; Table 3.1), given their distinctive
behaviors compared with less volatile elements that are retained in rocks. However, approximate
estimates of these elements in the BSM were predicted from the martian volatility trend, follow-
ing the practice used in McDonough (2014). An extrapolation of the martian volatility trend to
the lower temperature indicates their abundances to be 0.001–0.01×CI.
Based on the water contents of martianmeteorites and their constituting hydrous phases (e.g.,
apatite, amphibole, glass), the BSM is estimated to have ∼140 ppm H2O (e.g., McCubbin et al.,
2016a,b; Filiberto et al., 2019). This H2O content corresponds to ∼16 ppmH in the BSM, which
is lower than that is expected based on the volatility trend. The low H abundance in the BSM
might reflect H incorporation into the core (see Section 3.5.1) and/or loss of H from the mantle
by degassing. Estimates for the water content of the martian mantle range between 14–250 ppm,
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which likely reflects a heterogeneous water distribution in the mantle (e.g., McCubbin et al.,
2010, 2016a,b). The BSM might have contained ∼1000 ppm H2O if volatile-rich chondritic
materials were added during a late accretion (i.e., 0.6–0.7% by mass of Mars), as indicated by
highly siderophile element abundances and Os isotope systematics in shergottites (Tait and Day,
2018).
Filiberto et al. (2019) estimated the BSM abundances of C and N, based on mean C/H and
N/H ratios in CI and CM carbonaceous chondrites (2.1 and 0.11, respectively; Alexander et al.,
2012) and a BSM estimate for its H2O content. This method assumes the BSM inventory of
these atmophile elements is dominantly by a late addition component (e.g., Tait and Day, 2018)
with CI- and CM-chondritic chemical composition (Filiberto et al., 2019). These assumptions
lead to a BSM with ∼140 ppm H2O, ∼32 ppm C and ∼1.6 ppm N. These estimates have large
uncertainties, given the degree of mantle degassing is essentially unconstrained.
Martian meteorites contain several noble gas components of distinct origins (Bogard et al.,
2001; Ott et al., 2019). It is likely that significant fractions of martian noble gas budgets are
located in the martian interior (Dauphas and Morbidelli, 2014), but their abundances are poorly
constrained. Chassigny meteorite shows high abundance of noble gases with low Ar/Xe and
Kr/Xe ratios, which is considered to reflect mixing of a composition of the martian interior
component (Ott, 1988; Bogard et al., 2001;Mathew andMarti, 2001). Further studies are needed
to understand noble gas budgets and composition in the martian interior.
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3.5 Composition of the martian core
3.5.1 Compositional model of the martian core
To constrain the present-day martian core composition, we modeled geophysical properties
of Mars. Mineralogy, radial density distribution, and seismic velocity profiles in the martian
mantle were computed using the Gibbs free energy minimization method that is employed in the
thermodynamic modeling code Perple_X version 6.8.6 (Connolly, 2009). Calculations for the
BSM composition (i.e., primitive martian mantle composition; Table 3.4) were performed using
thermodynamic parameters of Stixrude and Lithgow-Bertelloni (2011) within a chemical system
Na2O–MgO–Al2O3–SiO2–CaO–FeO. Temperature profile in the martian mantle (areotherm) is
estimated assuming an Earth-like profile (Katsura et al., 2010), mantle potential temperature of
∼1500 K (Baratoux et al., 2011, 2013; Putirka, 2016; Filiberto, 2017), a lithosphere thickness
of 200 km (Grott et al., 2013) and conductive and adiabatic thermal gradients of 2.7 K/km and
0.12 K/km, respectively (Verhoeven et al., 2005), which are consistent with the surface heat flux
estimates (Parro et al., 2017). Figure 3.10 shows a result of the thermodynamic modeling for
the proposed mantle composition (Table 3.4).
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Figure 3.10. Mineralogy and physical properties of the martian mantle, calculated using the bulk silicate Mars composition (continuous
lines) and the present-daymartianmantle composition (i.e., BSMminus crust; dotted lines). Chemical composition of themartian crust is
from Taylor and McLennan (2009). (A) Phase transitions in the martian mantle. A red line shows an areotherm (martian geotherm). (B)
Depth versus P- and S-wave velocities and density from surface to the core-mantle boundary of Mars. Abbreviations: Ol–olivine; Wad–
wadsleyite; Ring–ringwoodite; Gt–garnet; Maj–majorite; Cpx–clinopyroxene; Opx–orthopyroxene; C2/c–high-pressure clinopyroxene;
Pl–plagioclase; Sp–spinel; Ca-pv–Ca-perovskite; St–stishovite.
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We also estimated mineralogy and physical properties of the present-day martian mantle
(not the BSM), which is calculated using compositional models for the BSM (Table 3.4) and the
martian crust (Taylor and McLennan, 2009), and a crustal mass fraction of ∼5 % in the BSM
(dotted lines in Figure 3.10). We observed small changes in the modal abundances of mineral
species, but the density profiles are similar in the present-day and primitivemantlemodels. Thus,
the use of the density profile obtained using the composition of primitive mantle or present-day
mantle makes negligible changes in our discussion.
Using the obtained radial density profile in the martian mantle (Figure 3.10), we computed
the martian interior structure including the metallic core. Here we considerMars as a spherically













where G is the gravitational constant.
For the Earth’s core, C, H, S, Si and O are proposed as candidate light elements that decrease
its density (Birch, 1952, 1964). Given the P-T - fO2 condition of the martian interior, we do not
expect Si in the martian core (Wade andWood, 2005; Corgne et al., 2008), which is supported by
a lack of Si isotopic fractionation inmartianmeteorites resulted from ametal-silicate segregation
(Zambardi et al., 2013; Dauphas et al., 2015). We also exclude C as a candidate light element
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in the martian core since the martian meteorites lack C isotope fractionation unlike terrestrial
rocks (Grady et al., 2004; Wood et al., 2013) and addition of C does not efficiently decrease the
core density (Wood, 1993; Bertka and Fei, 1998b). In contrast, experimental studies indicate
that O and H can be incorporated into the martian core (Okuchi, 1997; Shibazaki et al., 2009;
Tsuno et al., 2011) and their addition can decrease the core density (Badding et al., 1992; Bertka
and Fei, 1998b; Zharkov, 1996; Zharkov and Gudkova, 2005). Moreover, having the martian
core-mantle boundary in contact with ringwoodite can contribute to the incorporation of H and
O into the martian core (Shibazaki et al., 2009; Tsuno et al., 2011; O’Rourke and Shim, 2018).
Thus, we consider O and H, in addition to S, as candidates for light elements in the martian core.
We adopted elastic properties of liquid Fe (Anderson and Ahrens, 1994), FeS (Nagamori,
1969; Kaiura and Toguri, 1979; Antonangeli et al., 2015; Nishida et al., 2016) and FeO (Lee
and Gaskell, 1974; Komabayashi, 2014) and solid FeH (Umemoto and Hirose, 2015) and cal-
culated their densities at core pressures and temperatures using a third-order finite strain Birch-
Murnaghan (Birch, 1952) or Vinet (Vinet et al., 1989) equation of state, following previous
studies (Longhi et al., 1992; Sohl and Spohn, 1997; Bertka and Fei, 1998b; Verhoeven et al.,
2005; Zharkov and Gudkova, 2005; Rivoldini et al., 2011; Khan et al., 2018).
At a reference pressure (Pref), the local density of Fe metal (ρ0) at temperature of T is ex-
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pressed as









where ρref and Tref are the reference density and temperature, respectively, and α is the thermal
expansion coefficient. Given a lack of thermoelastic data for iron alloys at high pressures, we
assumed a ideal solution model for the liquid Fe-S-O-H system, in which a volume change by
mixing is negligible and thus enthalpy of the mixing is zero (e.g., DeHoff, 2006). The molar





= xFeVFe(T ) + xSVS(T ) + xOVO(T ) + xHVH(T ), (3.4)
where xi and Vi are the molar fractions and molar volumes of spices i (= Fe, S, O, H) at P0. The






where Mi is the molar masses of species i. We assumed a linear correlation between the bulk
modulus KT for the iron alloy correlate and temperature, as written by:






(T − Tref). (3.6)
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The first derivative of KT with respect to temperature is assumed to be independent from tem-
perature. Equations (3.3) to (3.6) correct for temperature effects on the thermoelastic properties
of the liquid Fe-S-O-H alloy.
To calculate the thermoelastic properties of the metallic alloy liquid at high pressure condi-
tions, we used a third-order finite strain Birch-Murnaghan (for Fe and FeS) or Vinet equations
of state (for FeO and FeH) (Birch, 1947; Vinet et al., 1989; Stixrude and Lithgow-Bertelloni,
2005). The third-order Birch-Murnaghan equation of state (Birch, 1947) is given by
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and K ′0 is the first derivative of the bulk modulus with respect to pressure. We assumed that K
′
is constant since its pressure-dependence is negligible. As we consider a compression of iron
alloy at constant temperature, K0 in Equations (3.7) to (3.9) and K ′0 are isothermal bulk modulus
and its derivative with respect to pressure.
















where K0 is zero-isotherm bulk modulus. Elastic properties of the core constituents used in the
calculation are listed in Table 3.6. Figure 3.11 and Figure 3.12 show changes in core pressure and
density by an addition of light elements for a body with a core of 1600 km, whose core-mantle
pressure and temperature are 21.5 GPa and 1800 K, respectively.
We assumed a fully convective martian core (Longhi et al., 1992; Zharkov and Gudkova,













where KS is the adiabatic bulk modulus and CP is a specific heat production rate. KS is given by
KS(P,T ) = KT (P,T )
[
1 + α(P,T )γ(P,T )T
]
. (3.14)

















Table 3.6. Parameters for equations of state of metallic alloys.
Pref (Pa) Tref (K) ρref (kg/m3) α (/106/K) KT (GPa) K ′T dKT /dT (GPa/K) Referencea
Fe liquid 105 1881 7019 92 85 5.8 -0.031 AA94
FeS liquid 105 1650 3725 128.8 18.3 5.8 – N69; KT79; A15; N16
FeO liquid 105 298 5459 47 128 3.85 0.0034 LG74; K14
FeH solid 105 298 6674 11 121 5.31 – B92
a AA94–Anderson and Ahrens (1994); N69–Nagamori (1969); KT79–Kaiura and Toguri (1979); N16–Nishida et al. (2016);
A15–Antonangeli et al. (2015); K14–Komabayashi (2014); LG74–Lee and Gaskell (1974); B92–Badding et al. (1992).
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Figure 3.11. Densities of metallic alloys with different (a) S, (b) O, and (c) H concentrations as
a function of radius.
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Figure 3.12. Densities of metallic alloys with different (a) S, (b) O, and (c) H concentrations as
a function of pressure.
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The average crustal thickness of 50 km, which is consistent with geophysical and geochem-
ical constraints (Zuber et al., 2000; McGovern et al., 2002, 2004; Wieczorek and Zuber, 2004;
Ruiz et al., 2009), is adopted in the modeling. We consider a crust of basaltic composition (e.g.,
Taylor and McLennan, 2009; McSween and McLennan, 2014 and references therein) with a
density of 3010 kg/m3, which is in agreement with gravity and topography studies (McKenzie
et al., 2002; McGovern et al., 2002, 2004; Phillips et al., 2008). The mass and moment of inertia











where M is mass, C is MOI, a is Mars’ equatorial radius (3389.5 km; Seidelmann et al., 2002),
ρ(r) is density and r is distance from the center of the planet.
Sulfur abundance in themartian core has been of particular interests. Previous estimates vary
between 3.5–25 wt% S (Table 3.7; see also Franz et al., 2019). With the martian mantle having
360 ppm S (Wang and Becker, 2017), the martian volatility curve restricts the core to having ≤7
wt% S (Figure 3.13) if its core mass fraction is 18 wt% (see below). The low S composition for
the martian core is supported by metal-silicate partition coefficients for S (Rose-Weston et al.,
2009; Boujibar et al., 2014; Wang and Becker, 2017) and an experimental study of Fe isotopic
fractionation under high pressure and temperature (Shahar et al., 2015). If we adopt a higher S
content for the BSM (up to 2000 ppm; Gaillard et al., 2013; Ding et al., 2015), the S content of
the martian core decreases. Thus, we conclude that the martian core has ≤7 wt% S.
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Table 3.7. Comparison of compositional models of the martian core.
wt% This study WD94a T13b MA79c OK92d LF97e S99f KC08g
Fe 79.5 77.8 78.6h 88.1 78.4 81.1 76.6 75–78h
Ni 7.4 7.6 - 8.0 7.6 7.7 7.2 -
Co 0.33 0.36 - 0.37 - 0.4 - -
S 6.6 14.24 21.4 3.5 14.0 10.6 16.2 22–25
P 0.33 - - - - 0.2 - -
O 5.2 - - - - - - -
H 0.9 - - - - - - -
Total 100 100 100 100 100 100 100 -
a Wänke and Dreibus (1994).
b Taylor (2013).
c Morgan and Anders (1979).
d Ohtani and Kamaya (1992).
e Lodders and Fegley (1997).
f Sanloup et al. (1999) (EH45:H55 model).
g Khan and Connolly (2008).
h Sum of Fe and Ni.
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Figure 3.13. Volatility trends for Mars (this study) and Earth (McDonough and Sun, 1995)
constrain S contents in the metallic cores. The S-rich martian core models (>15 wt%; e.g.,
Wänke and Dreibus, 1994; Taylor, 2013; Table 3.7) are not consistent with the martian volatility
trend.
This estimate stands in contrast to widely adopted martian core models that argue for >10
wt% S (Wänke and Dreibus, 1994; Taylor, 2013). Such a high sulfur content for the bulk Mars
would, in principle, treat S differently with respect to other moderately volatile elements. We
find no justification for such a S enrichment (Figure 3.13).
By fitting mass, density and MOI in the three layers and the bulk planet to geodetically
constrained values (Table 3.8), the density and composition of the metallic core is estimated.
Finally we obtained a core composition with 6.6 wt% S, 5.2 wt% O and 0.9 wt% H, and a mass
fraction of 18% as our best estimate. This core model yields a bulk planetary Fe/Si ratio of 1.36,
which is lower than the CI value (1.74) but within the range of chondritic meteorite compositions
(1.0–1.8; Wasson and Kallemeyn, 1988). With a mass fraction of 18%, the martian core radius
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is 1580 km (i.e., 1810 km deep) and its mean density is ∼6910 kg/m3 (Figure 3.14).
Siderophile element abundances in the bulk Mars and its core were constrained by the BSM
and a core model (Table 3.9). This yields the Fe content in the core and bulk Mars to be 79.5
wt% and 23.7 wt%, respectively. Given chondritic meteorites (aside from the few examples of
iron rich chondrites (e.g., CB)) show limited variation in Fe/Ni (∼17.4) and Ni/Co (∼20) values
(McDonough, 2016), we set the bulk Mars composition to these values.
Abundances of moderately volatile, lithophile elements in the BSM, which can be directly
converted to the bulk Mars composition after correcting for the core mass fraction, define a
robust depletion trend (Figure 3.9). The volatility trend provides a method to determine the rest
of the element abundances, except for the atmophile elements, in the bulk Mars and its core
(Tables 3.9 to 3.11). For the refractory siderophile and chalcophile elements (Table 3.1), the
bulk Mars abundances are set at ∼1.85 times CI abundance.
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Table 3.8. Physical properties of Mars. Modeled values are in a normal font and reference values are in italic.
Observation Unit Crust Mantle Core Bulk planet Reference value
Mass kg 2.56 × 1022 5.01 × 1023 1.17 × 1023 6.419 × 1023 6.417(3) × 1023a
Mean density kg/m3 3010 3640 6910 3936 3935(1)b
Moment of inertia – 7% 89% 4% 0.3638 0.3639(1)a
Heat production (K, Th, U)
TW 1.3 1.3 0 2.5 2.9(1)c
pW/kg 49d 2.5e 0 3.9f –
a Konopliv et al. (2016); Khan et al. (2018).
b Rivoldini et al. (2011).
c Surface heat loss estimated based on an average surface heat flux of 20 ± 1 mW/m2 (Parro et al., 2017).
d Abundances of heat-producing elements (HPE) in the crust: 3740 ppm K, 700 ppb Th and 180 ppb U (Taylor
and McLennan, 2009).
e HPE abundance in the mantle is calculated from mass-balance considerations: 190 ppm K, 36 ppb Th and 10
ppb U.
f BSM abundances of HPE are 360 ppm K, 68 ppb Th and 18 ppb U (this study).
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Figure 3.14. Interior structure of Mars. Abbreviations: Ol–olivine; Px–pyroxene; Gt–garnet;
Wad–wadsleyite; Ring–ringwoodite; Maj–majorite.
The possible conditions of Mars core formation (e.g., 10–17 GPa, 1900–2300 K, fO2 = IW
−2 to −1) are considered to be markedly different than that for the Earth’s core (Righter and
Chabot, 2011; Rai and van Westrenen, 2013). These findings (i.e, wholly lithophile character
of Mn, Cr and V) are also in harmony with the relatively oxidized conditions for Mars’ core
formation as compared to the Earth (e.g., Wadhwa, 2001, 2008; Herd et al., 2002).
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Table 3.9. Composition of the martian core. Concen-
trations are in ppm (µg/g), otherwise noted.
Element Martian core Element Martian core
Fe (%) 79.5 Os 5
Ni (%) 7.4 Pd 5
O (%) 5.2 Ir 5
S (%) 6.6 Te 3
H (%) 0.9 Pb 3.1
Co 3300 Rh 1.3
P 3300 Sn 1.3
Cu 560 W 0.7
Zn 290 Ag 0.7
Ge 90 Au 0.7
Se 30 Cd 0.7
Pt 9 Re 0.4
As 8 Sb 0.4
Mo 7 Bi 0.1
Ru 7 Tl 0.1
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Table 3.10. Composition of the bulk Mars.
Concentrations are in ppm (µg/g), otherwise
noted.
Element Bulk Mars Element Bulk Mars
H 1600 Rh 0.24
Li 1.5 Pd 0.84
Be 0.041 Ag 0.14
B 0.69 Cd 0.15
C 26 In 0.01
N 1.4 Sn 0.43
O (%) 36.3 Sb 0.1
F 23 Te 0.6
Na 3600 I 0.01
Mg (%) 15.3 Cs 0.06
Al (%) 1.56 Ba 4.5
Si (%) 17.4 La 0.45
P 1200 Ce 1.1
S 12100 Pr 0.17
Cl 23 Nd 0.88
K 300 Sm 0.28
Ca (%) 1.69 Eu 0.11
Sc 10.8 Gd 0.38
Ti 830 Tb 0.070
V 100 Dy 0.47
Cr 4900 Ho 0.10
Mn 2400 Er 0.31
Fe (%) 23.7 Tm 0.048
Co 680 Yb 0.31
Ni 13600 Lu 0.046
Cu 100 Hf 0.20
Zn 89 Ta 0.028
Ga 7.2 W 0.18
Ge 16 Re 0.07
As 1.4 Os 0.9
Se 5.2 Ir 0.9
Br 0.1 Pt 1.7
Rb 0.96 Au 0.1
Sr 14 Hg 0.006
Y 2.7 Tl 0.02
Zr 6.7 Pb 0.8
Nb 0.52 Bi 0.03
Mo 1.6 Th 0.056
Ru 1.3 U 0.015
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Table 3.11. Compositional models for the bulk Mars, bulk silicate
Mars (BSM) and core and atomic proportions for major elements.
wt% Bulk BSM Core atomic% Bulk BSM Core
O 36.3 43.2 5.2 O 53 59 11
Mg 15.3 18.7 0 Mg 15 17 0
Si 17.4 21.3 0 Si 14 16 0
Fe 23.7 11.4 79.5 Fe 10 4.4 48
Al 1.56 1.90 0 Al 1.3 1.5 0
S 1.2 0.04 6.6 S 0.9 0.02 6.9
Ca 1.69 2.06 0 Ca 1.0 1.1 0
Ni 1.4 0.04 7.4 Ni 0.5 0.01 4.2
H 0.2 0.00 0.9 H 3.8 0.03 30
3.5.2 Comparison of the core models
Although cosmochemical and geodetic insights constrain the composition and interior struc-
ture of Mars, we cannot determine a unique core model composition, given the available data.
Thus, other martian core models, distinct from that proposed in this study (Table 3.9), are viable.
The non-uniqueness can be readily viewed in Figure 3.15, where we show trade-offs between
core mass fraction, density and core radius, in order to constrain MOI, planetary density and
mean mass. We tested three (end-member like) core compositions with (1) no H and O, (2)
9.5 wt% O, and (3) 1.4 wt% H, in addition to our preferred one (Table 3.12). There is a non-
uniqueness in core mass fraction – core radius – core density, with limits being ∼15 to 26%,
∼1500 to 2000 km, and ∼5500 to 7500 kg/m3, respectively. Composition and physical prop-
erties of core models were constrained by a combination of our BSM model, volatility trend,
and geodetic properties of the planet. Importantly, as discussed in Section 3.5.1, the martian
volatility trend puts strong constraint on the S content in the martian core (Figure 3.13).
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Table 3.12. Comparison of chemical and physical properties of martian
core models.
H,O-bearing H,O-free H-free O-free Reference value
Chemical composition
Core wt%
Fe 79.5 81.6 76.5 83.3
Ni 7.4 7.8 7.1 7.8
Co 0.33 0.35 0.32 0.35
S 6.6 10 6.10 7.04
P 0.33 0.37 0.32 0.36
O 5.2 0.0 9.5 0
H 0.9 0.0 0.0 1.4
Total 100.2 100.1 99.9 100.3
Bulk Mars
Fe/Si 1.36 1.29 1.35 1.34 1.0–1.6a
Fe/Al 15.2 14.5 15.1 15.0 15.5–24.3a
Modeled physical propertiesb
M′core 18% 17% 18% 17%
ρcore (kg/m3) 6910 7460 6910 7180
rcore (km) 1580 1510 1600 1540
PCMB (GPa) 22 24 22 23
a Compositional range of ordinary chondrites (Wasson and Kallemeyn, 1988).
bM’–mass fraction; ρcore–density of the core; rcore–radius of the core; PCMB–
pressure at the core–mantle boundary.
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Figure 3.15. Mass fraction and radius of the martian core as a function of its density that are
consistent with the BSM model presented in this study.
Core models assuming H- and O-free have the highest density (∼7460 kg/m3), given only
S as the light element. A dense core forces down its mass fraction (∼17 wt%) and low bulk
Fe/Si (1.29) and Fe/Al (14.5) ratios, as compared to most chondritic meteorites (1.0–1.8 and
15–25, respectively; Wasson and Kallemeyn, 1988). An exception, CV chondrite, has low Fe/Al
ratio (13.4) due to its high abundance of refractory inclusions (i.e., high Al concentration). In
contrast, however, the Fe/Si ratio in CV chondrites (1.36) is higher than that of Mars containing
a core that is H- and O-free. Thus, to explain such a Mars’ bulk composition requires a chemical
fractionation process not recorded in chondritic meteorites. Similar arguments can be applied
for the H-bearing, O-free core model.
140
Physical properties of an O-rich, H-free core model is similar to that of the O- and H-bearing
model proposed as the best core model. However, solubility of oxygen in liquid iron does not
support such a high O concentration in the martian core (Rubie et al., 2004; Tsuno et al., 2011).
The S content in the martian core estimated in this study is much lower than that estimated
by previous geochemical models including Wänke and Dreibus (1994) and Taylor (2013), who
constrained the S content in the martian core by assuming that moderately volatile elements
are in chondritic abundances in the bulk Mars. However, the gradual depletion of moderately
volatile elements as a function of their volatilities in Mars is inconsistent with their assumptions
(Yoshizaki and McDonough, 2020b).
Geophysical models of martian interior (e.g., Khan and Connolly, 2008; Rivoldini et al.,
2011; Khan et al., 2018) have been established based on available geophysical observations
(mass, density, MOI and tidal Love number k2) and the compositional model of the martian
mantle, typically the model by Wänke and Dreibus (1994). These works generally predict a
larger core (1700–1800 km in radius) with a high S concentration (15–20 wt%), which are dis-
tinct from the estimates by Yoshizaki and McDonough (2020b) (r ∼ 1600 km; ≤7 wt% S). The
geophysical models utilize the k2 Love number of Mars to estimate S content of the martian core.
However, the k2 Love number can be affected severely by multiple factors including a degree of
partial melting and hydration in the mantle, phase- and composition-dependent changes in elas-
tic properties of mantle minerals, and grain size variation (e.g., Nimmo and Faul, 2013; Khan
et al., 2018). Thus, we prefer to use the planetary volatility trend in estimating the Mars’ bulk
and core S abundances (Yoshizaki andMcDonough, 2020b), as successfully applied to constrain
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the S abundance in the Earth’s core (Dreibus and Palme, 1996; McDonough, 2014). A direct
seismic observation of martian interior by NASA’s ongoing InSight mission is needed to put
strong constraints on the size and light element inventory of the martian core.
3.6 Heat production in Mars
Abundance of heat-producing elements (HPE: K, Th and U), which is constrained by the
compositional modeling of the planets, is an important factor that influences thermal history of
terrestrial planets. Our model predicts that the present-day HPE in the BSM produce 2.5 ± 0.2
TW heat (Table 3.3). In Mars, K is a dominant radiogenic heat source during its first 3.5 Gyr
history (Figure 3.16). Based on the BSM abundances of 40K, 232Th, 235U, 238U and 87Rb, we
estimate the martian antineutrino (or areoneutrino) luminosity is (7.7 ± 0.8) × 1024 ν̄e/s (i.e.,
(4.9 ± 0.5) × 106 ν̄e/cm2/s).
3.7 Conclusions and implications for future works
Compositional modeling of Mars reveals that the bulk silicate Mars (BSM) is enriched in re-
fractory lithophile elements at 2.26 times higher than that in CI carbonaceous chondrites. Mod-
erately volatile elements are systematically depleted in Mars as a function of their volatility
compared to the chondritic composition, but less so than in the Earth. The martian core con-
tains S, O and H as light elements, which is consistent with the volatility trend and occurrence
of ringwoodite at the martian core-mantle boundary.
The chemical compositions of solar system bodies record accretion of solar nebular materi-
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Figure 3.16. Radiogenic heat production in the martian mantle through time. Grey band shows
an uncertainty of the total radiogenic heat production. Present-day surface heat flow estimate
(2.9 ± 0.1 TW) is from Parro et al. (2017). The inset shows relative contributions of heat-
producing elements as a function of time.
als, core-mantle and mantle-crust differentiation and subsequent surface processes. The physic-
ochemical similarities and differences between Mars and Earth provide insights into the origin
and evolution of terrestrial planets, which are discussed elsewhere.
To constrain further the interior structure and composition of Mars direct evidence from the
planet is needed. The best constraints would be provided by seismic determination of the depth
of martian core-mantle boundary, which would immediately define the core’s mass fraction and
density. NASA’s ongoing Interior Exploration using Investigations, Geodesy and Heat Transport
(InSight) mission will provide significant constraints on the martian core composition (Smrekar
et al., 2019). In turn, our model for composition and interior structure of Mars can be tested by
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seismic and surface heat flux data from the InSight mission. In addition, rock samples which
will be returned from Phobos in JAXA’s planned Martian Moons eXploration (MMX) mission
(Kuramoto et al., 2018) are keys to constrain further not only the origin of the martian moons
(Murchie et al., 2014), but also the composition of the martian mantle, if Phobos has formed
via giant impacts (Craddock, 2011; Citron et al., 2015; Hyodo et al., 2017; Canup and Salmon,
2018).
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Chapter 4
Earth and Mars–distinct inner solar system products1
Abstract
Composition of terrestrial planets records planetary accretion, core-mantle and crust-mantle
differentiation, and surface processes. Here we compare the compositional models of Earth
and Mars to reveal their characteristics and formation processes. Earth and Mars are equally
enriched in refractory elements (1.9 × CI), although Earth is more volatile-depleted and less ox-
idized than Mars. Their chemical compositions were established by nebular fractionation, with
negligible contributions from post-accretionary losses of moderately volatile elements. The de-
gree of planetary volatile element depletion might correlate with the abundances of chondrules
in the accreted materials, planetary size, and their accretion timescale, which provides insights
into composition and origin ofMercury, Venus, theMoon-forming giant impactor, and the proto-
Earth. During its formation before and after the nebular disk’s lifetime, the Earth likely accreted
more chondrules and less matrix-like materials than Mars and chondritic asteroids, establishing
its marked volatile depletion. A giant impact of an oxidized, differentiated Mars-like (i.e., com-
position and mass) body into a volatile-depleted, reduced proto-Earth produced aMoon-forming
1This chapter has been submitted for publication and is currently in revision as: Yoshizaki, T., McDonough,
W.F., Earth and Mars–distinct inner Solar System products. T. Yoshizaki and W.F. McDonough contributed to the
model development. The text is jointly written by T. Yoshizaki and W.F. McDonough. All tables and figures were
created by T. Yoshizaki.
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debris ring with mostly a proto-Earth’s mantle composition. Chalcophile and some siderophile
elements in the silicate Earth added by the Mars-like impactor were extracted into the core by
a sulfide melt (∼0.5% of the mass of the Earth’s mantle). In contrast, the composition of Mars
indicates its rapid accretion of lesser amounts of chondrules under nearly uniform oxidizing
conditions. Mars’ rapid cooling and early loss of its dynamo likely led to the absence of plate
tectonics and surface water, and the present-day low surface heat flux. These similarities and
differences between the Earth and Mars made the former habitable and the other inhospitable to
uninhabitable.
4.1 Introduction
Earth and Mars share many chemical and physical attributes, but are distinct in size and
inventory of volatile elements. Chemical data from surface rocks and meteorites combined with
seismological and geodetic observations (e.g., mass, density, moment of inertia (MOI)) provide
a multiply constrained compositional model of the terrestrial planets (e.g., Ringwood, 1966;
Morgan and Anders, 1980; Wänke, 1981; Longhi et al., 1992). The physicochemical similarities
and differences between Earth and Mars provide useful insights on formation and evolution
processes of these bodies, and potentially provide insights into the present-day properties and
origin of other rocky bodies (Venus, Mercury, and exoplanets).
By definition, Earth and Mars are located within a habitable zone in which liquid water is
available (Cockell et al., 2016; Ehlmann et al., 2016). However, currently life exists only on
Earth, and it remains unclear if Mars were inhabited or uninhabited in its history. The occur-
rence of life only on Earth indicates that there are compositional limits for a habitable planet
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formation, which can be revealed by an Earth-Mars comparison. Previous comparative studies
of chemical compositions of the interiors of Earth and Mars described their differences includ-
ing abundances of volatile or siderophile elements and redox states (Anders and Owen, 1977;
Dreibus andWänke, 1987; Wänke and Dreibus, 1994), but the recent advances in compositional
modeling of both Earth and Mars will provide further insights into their characters and origins.
Isotopic compositions of solar system materials provide strong constraints on the sources
of the terrestrial planets. Mass-independent, nucleosynthetic isotope anomalies in meteorites
reveal a heterogeneous distribution of distinct presolar materials and provide the basis for clas-
sifying the non-carbonaceous (NC) and carbonaceous meteorite (CC) groups (Trinquier et al.,
2007, 2009; Warren, 2011; Kruijer et al., 2017a). The NC meteorites appear to be from the in-
ner solar system, whereas the CC meteorites are considered to be samples from the outer solar
system, including the Trojan asteroids and possibly beyond Jupiter’s orbit (Walsh et al., 2011;
Kruijer et al., 2017a). These isotopic observations demonstrate a link between Earth and en-
statite chondrites, whereas Mars is thought to be most closely related to ordinary chondrites
(e.g., Trinquier et al., 2007, 2009; Javoy et al., 2010; Warren, 2011; Dauphas, 2017).
Here we compare the compositional models of Earth (e.g., McDonough and Sun, 1995;
Palme and O’Neill, 2014) and Mars (e.g., Wänke and Dreibus, 1994; Taylor, 2013; Yoshizaki
andMcDonough, 2020b) to clarify their characteristics and formation processes. We explore the
nature of the building blocks of the terrestrial planets, based on their compositional similarities
and differences with chondritic meteorites. These comparisons provide a basis for insights into
the conditions for habitable planet formation and evolution.
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4.2 Updates in planetary compositions
Here we revise compositional models of Earth (McDonough and Sun, 1995; Palme and
O’Neill, 2014; McDonough, 2014) and Mars (Yoshizaki and McDonough, 2020b) for some
elements, based on recent reports on elemental abundances in chondritic meteorites (Brauk-
müller et al., 2018; Alexander, 2019a,b; Lodders, 2020) and condensation temperature of ele-
ments (Wood et al., 2019).
4.2.1 Manganese in the bulk Earth and its core
Manganese has a 50% condensation temperature (50% Tc) of 1123–1158 K (Lodders, 2003;
Wood et al., 2019), being one of the least volatile elements among the moderately volatile ele-
ments. Consequently, its abundance relative to more volatile elements can provide a useful in-
sights into high-temperature processes during a planetary formation process (O’Neill and Palme,
2008). Importantly, as compared to Mn, Na is only slightly more volatile (50% Tc = 958–1035
K) during condensation from a gas of solar composition (Lodders, 2003), but it becomes much
more volatile under oxidized conditions which can be achieved during impact-induced evapo-
ration processes (O’Neill and Palme, 2008; Visscher and Fegley, 2013). Thus, Mn/Na ratios of
planetary bodies can be a useful measure of a degree of evaporative loss of volatile elements.
The BSE has a lower Mn/Na value than that predicted by a condensation model based on the
BSE’s Na/Ti value (Figure 4.1). This Mn depletion in the BSE reflects its partial incorporation
into the metallic core (McDonough, 2014), which is consistent with moderately siderophile be-
havior of Mn under highly reduced condition in the proto-Earth (Siebert et al., 2018). Thus, the
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Mn abundance in the bulk Earth includes contributions from the core and the mantle.
The Mn abundance in the BSE is ∼1050 ppm (McDonough and Sun, 1995; Palme and
O’Neill, 2014). McDonough (2014) estimated Mn abundance of the bulk Earth and core of
800 ppm and 300 ppm, respectively, based on a linear trend in a plot of Na/Ti vs Mn/Na among
chondrites. This estimate gives core-mantle partition coefficient of Mn (Dcore−mantleMn ) of ∼0.3,
lower than that predicted by high P-T experimental studies (e.g., Siebert et al., 2018). Recently,
Siebert et al. (2011) re-evaluated the bulk Earth’s bulk Mn content of 900–1300 ppm based on
moderately siderophile behavior of Mn under Earth’s core formation conditions.
Here we test if the ratios of Na, Mn and Ti of Earth (McDonough and Sun, 1995; Palme
and O’Neill, 2014; McDonough, 2014; Siebert et al., 2018), Mars (Yoshizaki and McDonough,
2020b) and other small solar system bodies (O’Neill and Palme, 2008; Wasson and Kallemeyn,
1988; Braukmüller et al., 2018) reflect incomplete condensation of a solar nebular gas or post-
accretionary evaporative loss of moderately volatile elements (MVE). We modeled the incom-
plete condensation in the solar nebula, in which volatile depletion in condensates is strictly de-
pending on the 50% condensation temperature of elements, following Cassen (1996) and Cassen
(2001). We assume that a log of CI-normalized abundance of non-refractory elements in conden-
sates shows a linear trend when plotted against the 50% condensation temperature of elements






−(log Tc(ref) − log Tc(i)) × f (Tc(i) < Tc(ref))
1 (Tc(i) ≥ Tc(ref))
(4.1)
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Figure 4.1. Na/Ti vs Mn/Na in chondrites (Alexander, 2019a,b), differentiated asteroids
(O’Neill and Palme, 2008), Moon (Dauphas et al., 2014), Earth (this study; McDonough, 2014;
Siebert et al., 2018) and Mars (Yoshizaki and McDonough, 2020b). Dark gray line shows in-
complete condensation from a gas of CI composition. Light gray lines correspond to evaporative
loss of Na and Mn from CI and the bulk silicate Earth (BSE) compositions, respectively. See
Section 4.2.1 for details of model calculations.
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where Ccondi and C
CI
i are abundances of an element i in a condensate and CI chondrite, respec-
tively, Tc(i) and Tc(ref) are 50% condensation temperatures of the element i and vanadium,
which has the lowest condensation temperature among refractory elements (1370 K at 10 Pa;
Wood et al., 2019), respectively, and f is a slope of the linear volatility trend in a log(Ccond/CCI)
vs log Tc space (i.e., degree of volatile depletion in the condensate). Condensation temperature
of elements from Wood et al. (2019) and CI abundance from Lodders (2020) are adopted in the
calculation.
The evaporative losses of elements from a high-temperature liquid were modeled following
Sossi et al. (2019). Vocalization reaction of a metal oxide liquid can be written as
Mx+nO x+n
2




where M is the metal species, x is formal oxidation state of M, n is the number of electrons in
the reaction, and (l) and (g) show liquid and gaseous states, respectively.










where r and ρ are the radius and density of the melt droplet, respectively, M is the molar mass
of the element M, R is the gas constant, T is absolute temperature, t − t0 denotes duration of the
heating, and K∗Equation (4.2) is the modified equilibrium constant of Equation (4.2) which can be
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written as
K∗ = αeγinfi K, (4.4)
where αe is the Langmuir evaporation coefficients of the gas species and γinfi is the activity
coefficient of the component Mx+nO x+n
2
at infinite dilution.
The majority of metals in solid phases evaporates congruently (Brewer, 1953; Lamoreaux
et al., 1987; Sossi and Fegley, 2018). The equilibrium of two oxide liquids with different oxida-
tion states can be expressed as
Mx+nO x+n
2






The equilibrium constant of Equation (4.5) can be written as











, respectively. Thus, congruent dissociative evaporation with multiple
























The modified equilibrium constants of evaporation reactions is related to the Gibbs Free
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Energies ∆G∗
∆G∗ = −RT ln K∗. (4.8)
At constant pressure, the Gibbs-Helmholtz equation can be written as
∆G∗ = ∆H∗ − T∆S∗, (4.9)
where∆H∗ and T∆S∗ are the partial molar enthalpy change and the partial molar entropy change,
respectively. Table 4.1 lists thermodynamic data adopted in this study.
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Table 4.1. Equilibrium thermodynamic data for vaporization reactions from silicate melts adopted in this study.
Element M (g/mol) Reaction n ∆S (kJ/mol/K) ∆H (kJ) Source
Na 22.99 NaO0.5(l) = Na(g) + 1/4O2 1 0.071 255.0 Chase (1998); Sossi et al. (2019)
Mg 24.31 MgO(l) = Mg(g) + 1/2O2 2 0.186 666.4 Chase (1998); Sossi et al. (2019)
Ti 47.87 TiO2(l) = TiO(g) + 1/2O2(g) 2 0.234 922.0 Chase (1998)
Ti 47.87 TiO2(l) = TiO2(g) 0 0.158 562.2 Chase (1998)
Mn 54.94 MnO(l) = Mn(g) + 1/2O2(g) 2 0.173 606.3 Chase (1998); Sossi et al. (2019)
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Our simplified calculation of incomplete condensation well reproduces a chemical compo-
sition of chondrites and Mars (Figure 4.1). The bulk Earth composition (McDonough, 2014)
with the updated Mn abundance (Siebert et al., 2018) is consistent with the incomplete con-
densation model. In contrast, compositions of differentiated asteroids (e.g., parent bodies of
angrites and eucrites) and Earth’s moon are consistent with the evaporation from a CI and the
BSE compositions, respectively. These observations, combined with a lack of heavy MVE iso-
tope enrichment composition of terrestrial samples (e.g., K, Fe, Si, Mg, Zn, Cd; Humayun and
Clayton, 1995; Poitrasson et al., 2004; Norman et al., 2006; Wombacher et al., 2008; Herzog
et al., 2009; Paniello et al., 2012a; Zambardi et al., 2013; Sossi et al., 2016b, 2018), document
that the bulk Earth’s MVE abundance is established by a nebular condensation, rather than post-
accretionary evaporative losses. With the bulk Earth’s Na/Ti ∼ 2.2 (McDonough, 2014), the
incomplete condensation model predicts Mn abundance of 1070 ppm and 1120 ppm in the bulk
Earth and its core, respectively, with the Dcore−mantleMn of ∼1.1, which are in agreement with the
values predicted by Siebert et al. (2018). Thus, we update the Mn abundances in the bulk Earth
and its core with these values.
4.2.2 Sulfur in the bulk Earth and its core
The S content in the bulk Earth is of particular interest when considering the Earth’s accre-
tionary history and a light element inventory of its metallic core (Dreibus and Palme, 1996).
Sulfur is a moderately volatile, chalcophile element so that its abundances in the bulk Earth
and core can be constrained by an abundance of lithophile element with similar volatility. Zinc
abundance in the BSE has been used to constrain Earth’s S content, since Zn does not show de-
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viation from Earth’s lithophile volatility trend and its condensation temperature is close to that
of S (McDonough and Sun, 1995; Dreibus and Palme, 1996).
McDonough (2014) estimated sulfur in the BSE at 250 ± 50 ppm and a bulk Earth with
6350 ppm, based on Earth’s volatility trend and S abundance of CI chondrite of 5.40 wt%.
These estimates lead to the prediction of 1.9 wt% S in Earth’s core. The authors used 50% Tc
from Wasson (1985), in which 50% Tc of S and Zn (treated as lithophile) are 648 K and 660 K,
respectively.
Dreibus and Palme (1996) assumed a CI-like Zn/S value for Earth given a nearly similar 50%
Tc of S and Zn (Wasson, 1985), and estimated 5600 ppm S in the bulk Earth. They used a lower
and higher S abundance in the BSE (130 ppm) and CI chondrite (5.9 wt%) than the values taken
by McDonough (2014), which gives an estimate of ∼1.7 wt% S in the Earth’s core.
Here we revise the S content of the bulk Earth and its core based on recently-revised 50%
Tc (Wood et al., 2019) and CI abundance (Lodders, 2020). The updated 50% Tc(S) and 50%
Tc(Zn) are 672 K and 704 K, respectively, with a difference of 32 K, which is larger than that of
the Wasson (1985)’s value. Thus, we consider that the Zn/S value of the bulk Earth might not be
chondritic due to if these elements are depleted in Earth depending strictly on their volatilities.
We use the S abundance of 250 ppm in the BSE (McDonough and Sun, 1995; Palme and O’Neill,
2014) and 5.36 wt% in CI chondrite (Lodders, 2020), and modeled a incomplete condensation
of moderately volatile elements as we applied for Mn (Section 4.2.1). With these values, we
estimate S concentrations of 5900 ppm in the bulk Earth, and 1.8 wt% in the core. The revised
S abundance in Earth is used to estimate the mass of post-impact sulfide matte (Section 4.4.3.2).
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4.2.3 Sulfur in the martian core
The S content in the martian core estimated by Yoshizaki and McDonough (2020b) is much
lower than that estimated by Wänke and Dreibus (1994) and Taylor (2013), who constrained the
S content in the martian core by assuming that moderately volatile elements are in chondritic
abundances in the bulk Mars. However, the trend of depletion of moderately volatile elements
in Mars is inconsistent with assumptions in (Yoshizaki and McDonough, 2020b).
Physical models of martian interior (e.g., Khan and Connolly, 2008; Rivoldini et al., 2011;
Khan et al., 2018) based on available observations (mass, density, MOI and tidal Love number k2)
typically use the compositional model of the martian mantle established by Wänke and Dreibus
(1994). These studies generally predict a larger core (1700–1800 km in radius) with a high S
concentration (15–20 wt%), which are differ from the estimates by Yoshizaki and McDonough
(2020b) (r ∼ 1600 km; ≤7 wt% S). These geophysical models use the Mars’ k2 Love number to
estimate its core S content. However, a deconvolution of the k2 Love number requires an accurate
knowledge of the degree of partial melting and hydration in the mantle, phase- and composition-
dependent changes in elastic properties of mantle minerals, and grain size variation (e.g., Nimmo
and Faul, 2013; Khan et al., 2018). Thus, we use the planetary volatility trend to estimate the
Mars’ bulk and core S abundances (Yoshizaki and McDonough, 2020b), following the practice
used to constrain the S abundance in the Earth’s core (Dreibus and Palme, 1996; McDonough,
2014). A direct seismic observation of martian interior by NASA’s ongoing InSight mission will
place strong constraints on the size and light element inventory of the martian core.
Core-mantle partitioning behaviors of refractory elements, which are sensitive to the S con-
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tent of the metal (Righter, 2011; Wade et al., 2012), provide further constraints on the S con-
centration in the martian core. The compositional model of Mars (Yoshizaki and McDonough,
2020b) predict core-mantle D-value of 10 ± 5.5, based on the depletion of W in the BSM. Fig-
ures 4.2 and 4.3 show the metal-silicate partitioning behavior of W at ∆IW = −1.5 for the mar-
tian core models (Wänke and Dreibus, 1994; Taylor, 2013; Yang et al., 2015; Yoshizaki and
McDonough, 2020b), estimated based on a compilation of previous experimental constraints
(Righter, 2011). Figure 4.2 shows that S become less siderophile as the S concentration in the
metal increases. For a S-rich core model (>20 wt%; Taylor, 2013), the D-value of W is much
lower than the martian compositional model (Figure 4.3C). Models with 10–15 wt% S in the
core (Wänke and Dreibus, 1994; Yang et al., 2015) requires ∼2500 K to explain the BSM’s W
depletion. The S-poor core composition (S ∼ 7 wt%; Yoshizaki and McDonough, 2020b) is
consistent with a BSM model forming at >2300 K. Thus, the predicted W abundance in the
BSM is consistent with lower S models for the martian core. We note that the temperature con-
ditions required to explain the distribution ofW inMars decreases by ∼200 K if the log fO2 value
decreased for 0.5 units in the ∆IW space.
Similarly, the behavior of Mo is also sensitive to S contents in a metal (Wade et al., 2012).
Therefore, Mo is another useful element for constraining the S abundance in the martian core.
Unfortunately, the Mo abundance in the BSM is currently poorly constrained. Yoshizaki and
McDonough (2020b) found no clear correlation ofMowith other elements inmartianmeteorites.
Yang et al. (2015) proposed the Mo abundance in the BSM based on Mo-Ce correlation in two
martian meteorites, which were not identified by Yoshizaki and McDonough (2020b). Future
constraints on the Mo abundance in the martian mantle will provide important constraints on the
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Figure 4.2. Metal-silicate partitioning coefficients of W at (A) 15 GPa and (B) 20 GPa as a
function ofmole fraction of S in themetal (XS), calculated using parameters fromRighter (2011).
The redox condition is fixed at ∆ IW = −1.5. The gray band shows the core-mantle partitioning
coefficients (±1 standard deviation) ofWbased on theMarsmodel of Yoshizaki andMcDonough
(2020b). The vertical dashed gray lines show the core models of Yoshizaki and McDonough
(2020b) (YM20), Yang et al. (2015) (Y15), Wänke and Dreibus (1994) (WD94), and Taylor
(2013) (T13).
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Figure 4.3. Metal-silicate partitioning coefficients of W calculated for the martian composi-
tional models of (A) Yoshizaki and McDonough (2020b), (B) Wänke and Dreibus (1994), (C)
Taylor (2013), and (D) Yang et al. (2015). White solid and broken lines show P-T conditions
that are consistent with the core-mantle distribution of W in Mars within 1 standard deviations
(Yoshizaki and McDonough, 2020b).
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light element composition of the martian core.
4.2.4 Halogens in Earth and Mars
Abundances of heavy halogens (Cl, Br and I) in the BSE is enigmatic because of their large
depletion in the BSE (McDonough and Sun, 1995; Palme and O’Neill, 2014), perhaps indicative
of unique behaviors of these elements during and/or after the Earth’s accretion (e.g., Kramers,
2003; Armytage et al., 2013; McDonough, 2014; Sharp and Draper, 2013; Zolotov and Miro-
nenko, 2007; Clay et al., 2017; Jackson et al., 2018b; Steenstra et al., 2020). The present bulk
Earth model (McDonough, 2014) attributed this heavy halogen depletion to their incorporation
into the core, and estimated core/mantle enrichment factors of 10–15 for these elements. Limited
numbers of experimental studies suggest that iodine becomes siderophile during core formation
(Armytage et al., 2013; Jackson et al., 2018b), whereas Cl does not show such a metal-loving
behavior (Sharp and Draper, 2013).
Recently, Clay et al. (2017) proposed a lower halogen abundance for chondritic meteorites
than previous estimates (e.g., Dreibus et al., 1979; Lodders, 2003). By normalizing the BSE
abundance of halogens to their updated CI composition, Clay et al. (2017) showed that Br and
I are plotted on the lithophile volatility trend and no need for any special processes of halogen
fractionation. However, even if normalized to Clay et al. (2017)’s CI chondrite composition, the
BSE’s Cl abundance still shows a depletion from the volatility trend.
The CI abundances of heavy halogens proposed by Clay et al. (2017) has been challenged by
Fegley et al. (2020), who showed that these updated CI abundances fall below a curve of nuclide
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abundance vs mass number. Lodders (2020) critically evaluated and updated the CI composition
proposed by Clay et al. (2017) and brought it in line with previous estimates of the CI abundance
(Dreibus et al., 1979; Lodders, 2003).
The revised 50% condensation temperatures of the halogens (Fegley and Lodders, 2018;
Wood et al., 2019) are lower than the previous values (Lodders, 2003). Consequently, using
condensation temperatures from Fegley and Lodders (2018) and CI abundance from Lodders
(2020), Fegley et al. (2020) showed that all the halogens plot on the Earth’s volatility trend for
the lithophile elements, thereby eliminating any need for any extra halogen fractionation (Fig-
ure 4.4A). We note that a hockey-stick depletion pattern of MVE in the BSE (e.g., Braukmüller
et al., 2019) is not observed when CI abundance from Lodders (2020) is used instead of that of
Clay et al. (2017). In this case, the Earth’s halogen budgets (i.e., 12 ppm Cl, 0.03 ppm Br, and
0.01 ppm I in the bulk Earth) are hosted in its silicate fraction, and there is no need for their
incorporation into the core.
In contrast, a separate effort byWood et al. (2019) derived higher 50% condensation temper-
atures for these elements compared to Fegley and Lodders (2018), which seem to be consistent
with the halogen-bearing core model (Figure 4.4B). Thus, further analytical, experimental and
theoretical efforts are needed to better constrain the abundance and distribution of heavy halo-
gens in Earth.
Yoshizaki and McDonough (2020b) estimated halogen abundances in the BSM and bulk
Mars based on the CI abundance of these elements from Clay et al. (2017). Using CI chondritic
abundance from Lodders (2020), and assuming that the heavy halogens are hosted in the Mars’
silicate fraction, the BSM and bulk Mars heavy halogen abundances are updated as follows: 28
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Figure 4.4. Abundances of moderately volatile and volatile elements in Earth (this study; Mc-
Donough, 2014), Mars (this study; Yoshizaki andMcDonough, 2020b) and chondritic meteorites
(Alexander, 2019a). The bulk Earth model with a halogen-bearing core (McDonough, 2014) is
also shown. The x axis corresponds to the 50% condensation temperature of elements at 10 Pa
from Lodders (2003) and Fegley and Lodders (2018) (for halogens) in the top panel, and from
Wood et al. (2019) in the bottom.
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ppmCl, 0.13 ppmBr, and 0.03 ppm I in the BSM; and 23 ppmCl, 0.10 ppmBr, and 0.02 ppm I in
the bulk Mars. If the martian core contained heavy halogens, the bulk Mars’ halogen abundance
might be 0.1–0.2 × CI.
4.3 Comparisons
4.3.1 Bulk planet
The geochemical classification of elements consists of four element groups: lithophile (rock-
loving), siderophile (metal-loving), chalcophile (sulfide-loving), and atmophile elements. Lithophile
elements (e.g., Si, Mg, Ca, Al, Ti, Na, K, rare earth elements) are preferentially incorporated
into oxide phases, and thus concentrated in a silicate shell in a differentiated planetary body.
Therefore, their abundances in the mantle can be converted to the bulk composition if we also
know a mass fraction of a metallic core in a planet. In addition, elements are also classified
based on their volatilities in a gas of solar composition at 10 Pa (Lodders, 2003).
Historically, there have been three families of compositional models for the bulk silicate
Earth, in terms of the proportions of the refractory elements relative to Mg and Si, which, to-
gether with Fe and O, make up ∼90% of rocky planets (Figure 4.5). These models have low
(Javoy, 1995; Javoy et al., 2010; Warren, 2008; Caro and Bourdon, 2010), medium (Ringwood,
1975; Jagoutz et al., 1979; Wänke, 1981; Hart and Zindler, 1986; Allègre et al., 1995; Mc-
Donough and Sun, 1995; Palme and O’Neill, 2014) and high (Wasserburg et al., 1963; Turcotte
et al., 2001; Turcotte and Schubert, 2014) proportion of refractory elements (McDonough, 2016
and references therein). Here we estimate a primitive (i.e., the least melt-depleted) mantle com-
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Figure 4.5. Bulk major element compositions by atomic proportions for Earth (McDonough,
2017), Mars (Yoshizaki and McDonough, 2020b) and chondritic meteorites (Alexander,
2019a,b).
position based on compositional trends from basalts and mantle rocks and propose a model with
medium refractory element abundance (e.g., McDonough and Sun, 1995; Palme and O’Neill,
2014; see also Section 4.2). As summarized in Palme and O’Neill (2014), these geochemical
models of Earth are basically similar to each other, and differences between the models do not
affect comparison of Earth and Mars discussed in the current paper.
A similar geochemical approach has been applied in constraining compositional models of
Mars (Wänke and Dreibus, 1994; Taylor, 2013; Yoshizaki and McDonough, 2020b). Here we
adopt the compositional model byYoshizaki andMcDonough (2020b), which is compositionally
andmineralogically similar to those ofWänke and Dreibus (1994) and Taylor (2013) (Figure 4.6;
see also Bertka and Fei, 1997; Khan et al., 2018; Smrekar et al., 2019 for martian mantle min-
eralogy models), but differ in model development. For example, Wänke and Dreibus (1994)
assumed that Mn and more refractory elements (including Fe, Mg and Si) are in chondritic rela-
tive abundances in bulk Mars, which is denied by Yoshizaki and McDonough (2020b). The de-
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tails of previous Mars models are summarized by Taylor (2013) and Yoshizaki and McDonough
(2020b).
By establishing the planet’s budget of the 36 refractory elements, recognizing that ratios of
refractory elements (e.g., Ca/Al, Th/U) and Fe/Ni are constant (±15% or better) in the chondritic
building blocks (e.g., Wasson and Kallemeyn, 1988; Alexander, 2019a,b), and either knowing
the relative mass of the planet’s core or the mantle’s Mg# (atomic ratio of Mg/(Mg + Fe)), limit
the range of acceptable Mg/Si (i.e., olivine/pyroxene) values for planetary compositional models
(Figures 4.7 and 4.8A). The Fe/Mg vs Fe/Si correlation seen in both the NC and CC chondrites
is suggestive of metal-silicate gradients in the solar system (Figures 4.7 and 4.8B); interestingly,
Earth and Mars also follow this correlation.
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Figure 4.6. Comparison of lithophile element abundances in models of the bulk silicate Mars
composition (Yoshizaki andMcDonough, 2020b; Taylor, 2013;Wänke and Dreibus, 1994; Mor-
gan and Anders, 1979; Lodders and Fegley, 1997). Condensation temperatures of elements are
fromLodders (2003) (A) andWood et al. (2019) (B), andCI composition is fromLodders (2020).
RLE–refractory lithophile elements.
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Figure 4.7. (A) Ternary plot and (B) scatter ratio plot of major elements Si, Fe and Mg in
bulk Earth (McDonough, 2017), bulk Mars (Yoshizaki and McDonough, 2020b) and chondritic
meteorites (Alexander, 2019a,b). The regression line for chondrites (except for sulfide-rich EH)
is also shown in the lower panel. TL–Tagish Lake.
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Figure 4.8. (A) Weight ratios of Al/Si vs Mg/Si values for planets and chondrites. Earth and Mars show higher RLE abundances (i.e.,
Al) and Mg/Si value (i.e., olivine/pyroxene ratio) compared to enstatite and ordinary chondrites, which are respectively their isotopically
identified relatives. (B) The Urey-Craig diagram (after Urey and Craig, 1953) illustrates relative redox condition for Earth, Mars, and
chondrites. Chondrite classification (non-carbonaceous (NC; red) vs carbonaceous (CC; blue) groups) followsWarren (2011) andKruijer
et al. (2017a). TL–Tagish Lake. Data sources are as in Figure 4.7.
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The approach used here finds that the bulk Earth contains 1.85 × CI abundances for the
refractory elements (e.g., McDonough and Sun, 1995; Palme and O’Neill, 2014), it has an
olivine/pyroxene proportion equivalent to that of pyrolite (Ringwood, 1966), and is depleted
in volatile elements (i.e., sub-CI Rb/Sr, K/U, and S; Figure 3.9A; Gast, 1960; Wasserburg et al.,
1964). Mars also contains ∼ 1.9 × CI abundances for the refractory elements and is depleted
in volatile elements, but less so than Earth (Figure 3.9B; Yoshizaki and McDonough, 2020b).
The net atomic oxygen/(metallic Fe) values of Earth and Mars (3.7 and 8.7, respectively; Ta-
ble 4.2) provide a measure of its average oxidation state. These compositional models for Earth
and Mars provide a time-integrated perspective for materials available for accretion at 1 and 1.5
AU, respectively. This spatial sampling contrasts with the temporal comparison, as the mean
timescales for Mars’ formation (τaccretionMars ∼ 2 Myr; Dauphas and Pourmand, 2011) differs from
that for Earth (τaccretionEarth & 30 Myr; Kleine et al., 2009).
4.3.2 Bulk silicate planet
4.3.2.1 Geochemistry and mineralogy
Chondritic ratios of refractory lithophile elements in the bulk silicate Earth and Mars (BSE
and BSM, respectively) are further confirmed and constrained by Lu-Hf, Sm-Nd and La-Ce iso-
topic systematics of these planetary materials (e.g., Bouvier et al., 2008b; Burkhardt et al., 2016;
Willig et al., 2020). The moderately volatile, lithophile elements (lithophile MVE; e.g., alkali
metals) are depleted in Earth and Mars when compared to chondritic meteorites, both planets
showing comparable correlations with their condensation temperatures (Figure 3.9). Earth, with
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Figure 4.9. Lithophile element abundances in the bulk silicate Earth and Mars normalized to
CI abundances and refractory lithophile element Al. The scale of right ordinate shows the CI-
normalized abundances. The values are plotted against 50% condensation temperature (K) of
elements at 10 Pa (open; Wood et al., 2019) and (filled; Lodders, 2003). CI abundance is from
Lodders (2020). Other data sources are as in Figure 4.7.
171
K/U of 14000 and Rb/Sr of 0.032 (i.e., MVE/refractory ratios; cf., 68000 and 0.30 in CI chon-
drites, respectively), shows such a strong depletion trend in these elements (Figure 3.9A). Mars,
with a K/U of 20000 and Rb/Sr of 0.068, also shows this trend (Figure 3.9B), albeit less depleted
than the Earth’s.
Siderophile and chalcophile elements are depleted in the BSE andBSMcompared to lithophile
elements with similar condensation temperatures, due to their incorporation into the metallic
cores (Figure 4.10). The abundances of siderophile elements in the BSE and BSM do not show
a sub-parallel trend with that defined by lithophiles (Figure 4.10). The degree of siderophile and
chalcophile element depletion reflects a combination of planetary building block compositions
and element fractionation processes during planetary accretion and differentiation (McDonough,
2014).
The BSE and BSM both have high concentrations and chondritic relative proportions of
highly siderophile elements (HSE: Re, Os, Ir, Pt, Ru, Rh, Pd and Au; Figure 4.10), which is at
odds with any combination of high-pressure and temperature conditions for the partitioning of
these elements into a core forming melt (Brandon et al., 2012; Walker et al., 2015; Day et al.,
2016; Tait and Day, 2018). For example, core-mantle equilibration model in martian interior
(Righter et al., 2015) predicts sub-CI Re/Os and super-CI Ir/Os and Ir/Ru values in silicates,
which are inconsistent with the chondritic HSE pattern in the BSM (Brandon et al., 2012; Tait
and Day, 2018). In addition, Righter et al. (2015) assumes a high S concentration (>10 wt%) in
the martian core, which is much higher than a value predicted by the martian volatility trend of
lithophile elements (≤7 wt%; Yoshizaki and McDonough, 2020b). These shared features of the
HSE abundances in Earth and Mars are considered as evidence for late accretion of chondritic
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Figure 4.10. Siderophile (red square) and chalcophile (green triangle) element abundances in
the bulk silicate Earth and Mars plotted against 50% condensation temperature (K) of elements
at 10 Pa (Wood et al., 2019). The values for y axes follow the same convention as Figure 4.9.
Also shown are time-integrated planetary volatility trends at 1 AU (Earth) and 1.5 AU (Mars)
defined by lithophile elements (Figure 4.9). Data sources are as in Figure 4.7.
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materials during the final stage (e.g., after ≥98% accretion) of planetary growth in the inner solar
system (Kimura et al., 1974; Brandon et al., 2012; Day et al., 2016). Delivery of these HSE was
also accompanied by an addition of volatile gases and fluids (H, C, N and O; Albarede, 2009;
Alexander et al., 2012; Marty, 2012), although the late-accreted material to Mars might have
been volatile-depleted (Wang and Becker, 2017; Righter et al., 2019).
On the other hand, the BSE is characterized superchondritic Ru/Ir and possibly Pd/Ir, which
cannot be easily accommodated by the late addition of volatile-rich materials (Becker et al.,
2006). Experimental studies showed that these high ratios in the BSE might reflect P, T , and
composition-dependent changes in partitioning behaviors of Ru and Pd, and proposed no need
for the late addition of these elements (Righter et al., 2008; Wheeler et al., 2011; Laurenz et al.,
2016; Righter et al., 2018a). Alternatively, these inconsistencies between the BSE and chondrites
show an unrepresentative sampling of asteroidal materials in our meteorite collections (Walker
et al., 2015).
The average, time-integrated, planet-scale redox condition (i.e., metal-silicate equilibrium) is
recorded in theMg# of its mantle, with the BSE and BSM having anMg# of ∼0.89 and 0.75–0.8,
respectively, and core mass fraction (i.e., Mars ∼20% and Earth ∼ 32%; Section 4.3.3). These
attributes document Mars being more oxidized than Earth. In addition, Mars lacks depletion in
redox-sensitive, nominally lithophile elements (i.e., V, Cr and Mn), and its mantle has a lower
Hf/W value (∼3.5; Dauphas and Pourmand, 2011; Yoshizaki and McDonough, 2020b), which
contrast with those for Earth (Figure 4.10). The more oxidized conditions for the martian mantle
are also indicated by mineralogy, trace element compositions and valence states of Fe and Eu in
martian meteorites. The martian mantle, however, as recorded in martian meteorites, shows a
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heterogeneous redox state (e.g., Herd et al., 2001, 2002; Wadhwa, 2001, 2008; Goodrich et al.,
2003; McCanta et al., 2009; Shearer et al., 2011; Righter et al., 2016; Herd, 2019). Oxygen
might be one of the light elements in the Earth’s core (Ohtani and Ringwood, 1984), but its
limited solubility in iron liquids at high P-T conditions (O’Neill et al., 1998) indicates small
effects of the core formation in the BSE’s Mg#, and supports the more reduced state of the BSE
as compared to the BSM.
Earth andMars have similar "uppermantle"mineralogies (Figure 4.11). Both contain olivine,
ortho- and clino-pyroxenes, and garnet, with the Earth’s mantle being richer in olivine than the
martian mantle (∼60% and ∼45% in modal proportion, respectively). Differences in composi-
tion (Table 4.2) and interior thermal gradient (Breuer and Spohn, 2003; Katsura et al., 2010) of
Earth and Mars results in different depths of the olivine-wadsleyite and wadsleyite-ringwoodite
phase transitions. For Earth, these transitions are at 410 km and 520 km depth, respectively,
and in Mars, they occur at 1000 km and 1300 km depth, respectively. These phase transitions
are sharper in the Earth’s mantle than the martian mantle, because of the former’s higher Mg#,
greater garnet abundance, and hotter temperature (Frost, 2003; Filiberto and Dasgupta, 2011;
Putirka, 2016). The martian mantle might not have a layer of bridgmanite, which is a dominant
phase in the Earth’s lower mantle (Figure 4.12).
4.3.2.2 Heat producing elements (HPE)
The rocky planets are powered by both primordial accretion energy (and lesser amounts from
core formation) and radiogenic heat by radioactive decays of heat producing elements (HPE: K,
Th, U). All three of the HPE are incompatible, lithophile elements that have been excluded from
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Figure 4.11. Mineralogy and physical properties of planetary mantles. (A,C) Phase transi-
tions and (B,D) P- and S-wave velocities and density from surface to the core-mantle bound-
ary in the Earth’s and martian mantle. Red lines show temperature profile in the man-
tle. Figures for Earth are based on the mantle compositional model of McDonough (2014)
and model geotherm from Katsura et al. (2010). Abbreviations: Brg–bridgmanite; Ca-pv–
Ca-perovskite; Cpx–clinopyroxene; C2/c–high-pressure clinopyroxene; Fp–ferropericlase; Gt–
garnet; Ol–olivine; Opx–orthopyroxene; Pl–plagioclase; Ring–ringwoodite; Sp–spinel; St–
stishovite; Wad–wadsleyite.
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Table 4.2. Physical and chemical properties of Earth and Mars. Modeled values are in
normal and reference values in italic fonts.
Observation Unit Crust Mantle Core Bulk planet Reference value
Earth
Massa,b kg 3.12 × 1022 4.00 × 1024 1.94 × 1024 5.972 × 1024 5.97218(60) × 1024
Mean densitya,b,c kg/m3 2800 4400 11870 5514 5514(2)
Moment of inertiaa – 1% 88% 11% 0.3308 0.330690(9)
Heat production (K, Th, U)
b,d,e,f TW 7.3 12.6 0 19.9 46(3)g
pW/kg 232 3.1 0 3.3 –
Mars
Massh kg 2.56 × 1022 5.01 × 1023 1.17 × 1023 6.419 × 1023 6.417(3) × 1023
Mean densityi kg/m3 3010 3640 6910 3936 3935(1)
Moment of inertiah – 7% 89% 4% 0.3638 0.3639(1)
Heat production (K, Th, U)
j ,k,l TW 1.3 1.3 0 2.5 2.7(2)g
pW/kg 49 2.5 0 3.9 –
Mantle + crustd,k Cored,k Bulk planetd,k,m Chondriten
wt% Earth Mars wt% Earth Mars wt% Earth Mars EH L CI
SiO2 44.9 45.5 Fe 85.5 79.5 O 29.7 36.3 30.0 35.8 29.9
TiO2 0.20 0.17 Ni 5.1 7.4 Fe 32.0 23.7 31.0 22.7 27.7
Al2O3 4.44 3.59 O 2 5.2 Mg 15.4 15.3 11.3 15.7 14.3
MnO 0.14 0.37 S 1.8 6.6 Si 16.1 17.4 17.8 19.5 16.0
FeO 8.06 14.7 H 0.06 0.9 Ni 1.82 1.4 1.87 1.27 1.58
MgO 37.8 31.0 Co 0.25 0.33 Ca 1.71 1.69 0.91 1.38 1.36
CaO 3.54 2.88 P 0.20 0.33 Al 1.59 1.56 0.86 1.29 1.26
Na2O 0.36 0.59 Si 4 0 S 0.59 1.2 6.2 2.3 8.0
K2O 0.034 0.043 Cr 0.75 0
P2O5 0.021 0.17 Total 99.0 98.5 100 100 100
NiO 0.25 0.046 Total 99.7 100.2
Cr2O3 0.15 0.88 Mg/Si 0.96 0.88 0.63 0.81 0.89
Al/Si 0.10 0.09 0.05 0.07 0.08
K (ppm) 280 360 Fe/Si 2.0 1.4 1.7 1.2 1.7
Th (ppb) 76 68
U (ppb) 20 18
Total 100.2 99.9
a Chambat et al. (2010). b Wipperfurth et al. (2020). c Dziewonski and Anderson (1981). d McDonough (2014).
e Jaupart et al. (2015). f Rudnick and Gao (2014). g Global surface heat loss. h Konopliv et al. (2016).
i Rivoldini et al. (2011). j Taylor and McLennan (2009). k Yoshizaki and McDonough (2020b). l Parro et al. (2017).
m This study. n Alexander (2019a,b) (Volatile-free, normalized to total = 100 wt%).
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their cores and concentrated into planetary crusts (e.g., Corgne et al., 2007; Blanchard et al.,
2017; Wipperfurth et al., 2018), which is beneficial for carrying out remote gamma-ray surveys
of planetary surfaces (e.g., Peplowski et al., 2011; Surkov et al., 1987; Prettyman et al., 2015).
The martian crust is thicker (estimated to be 30–60 km thick with an average value of ∼50 km;
Zuber et al., 2000; McGovern et al., 2002; Wieczorek and Zuber, 2004; Humayun et al., 2013),
less enriched in incompatible elements, and contains ∼50% of the HPE budget of Mars, whereas
Earth has a thinner, more chemically evolved crust, which contains only ∼35% of the planet’s
HPE budget (Table 4.2 and Appendix C.2; Rudnick and Gao, 2014). Mars’ internal heating
Rayleigh number of >105 (Appendix C.3) is consistent with a convecting martian mantle and a
dynamically stabilized Tharsis bulge (McKenzie et al., 2002; Kiefer, 2003).
With nearly a factor of 2 greater surface to volume ratio for Mars than Earth, the former
cooled much faster (Filiberto and Dasgupta, 2011; Baratoux et al., 2011, 2013; Filiberto, 2017;
Breuer and Moore, 2015; Putirka, 2016). Mars’ surface heat flux is 19 ± 1 mW/m2 (Parro et al.,
2017) (cf., Earth’s average is 90 mW/m2; Jaupart et al., 2015), equivalent to a global heat flux of
2.75 ± 0.15 TW, of which 2.5 TW comes from radioactive decay (Table 4.2 and Appendix C.2).
Mars’ planetary Urey ratio (Ur: total radioactive heat production relative to total surface heat
loss) is 0.92 ± 0.05, which is higher than that estimated for Earth (0.43) and its mantle UrMars
(planetary UrMars minus the crustal fraction) is 0.8, more than double of that of the Earth’s man-
tle (0.33). The high UrMars demonstrates a minor contribution from secular cooling to the total
martian heat flux. Importantly, the modeled martian surface heat flow varies between 14 and
25 mW/m2 (Parro et al., 2017). A direct measurement the martian surface heat flux by NASA’s
Interior Exploration using Seismic Investigations, Geodesy and Heat Transport (InSight) mis-
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sion (Banerdt et al., 2020) will provide important constraints on its heat production and thermal
history.
4.3.3 Core
The mantles of both Earth and Mars are depleted in siderophile and chalcophile elements
due to core extraction (Figure 4.10). Their core compositions are modeled using the follow-
ing constraints: the planet’s chondritic Fe/Ni value, temperature, mass, density, MOI, and for
Earth, seismic profile (see McDonough, 2014; Yoshizaki and McDonough, 2020b). Also, based
on iron meteorite mineralogy (Scott and Krot, 2014) and cosmic abundance of elements (Lod-
ders, 2020), planetary cores might contain sulfides, carbides and phosphides, and possibly other
phases (e.g., silicides if formed under highly reduced conditions).
The Earth’s core (32% by mass) has an outer liquid layer and a solid inner core (∼5 wt%)
(Figure 4.12). Estimates of the size of the martian core ranges from 18–25 wt% and 1500–1900
km, respectively (Section 4.2.3). Data from multiply orbiting satellites provide a precise (±2%)
measure of Mars’ Love number solution (k2) and document a possible existence of a partially
molten core (Yoder et al., 2003; Genova et al., 2016; Konopliv et al., 2016). This observation
indicates significant amounts of light elements in the core that lowers its solidus temperature.
Sulfur is a prime candidate for light elements in a planetary core. The volatile element
depletion trends for both Earth and Mars (Figure 4.10) constrain the core’s S content of ∼1.8%
in Earth and ∼7% in Mars (Yoshizaki and McDonough, 2020b; see also Section 4.2.2). Since
the estimated S contents of the Earth’s and Mars’ core are not high enough to explain their
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respected core density deficits, additional light elements in these cores are needed (e.g., Si, O,
H and C). The additional light elements are likely to be different in these cores because metal-
silicate partitioning behavior of elements depends on conditions of core formation (e.g., timing,
P, T , fO2) and compositions of coexisting silicate and metallic phases.
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Figure 4.12. Interior structure of Earth and Mars. Abbreviations: Ol–olivine; Px–pyroxene; Gt–garnet; Wad–wadsleyite; Ring–
ringwoodite; Brg–bridgmanite; Cpv–Ca-perovskite; Ppv–post-perovskite; Fper–ferropericlase.
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As described above, a planet’s volatility trend sets expectations for the absolute amount
of siderophile and chalcophile elements in the planet and defines the proportion of these ele-
ments that were partitioned into the core. The degree of depletion below the volatility trend
defines an element’s empirically established metal/silicate partition coefficient (McDonough,
2014; Yoshizaki and McDonough, 2020b). The martian core is enriched in siderophile and
chalcophile MVE (e.g., P, Ge, S) as compared to the Earth’s, and there appears to be little to
no Ga in the cores of terrestrial planets, which contrasts with that seen in iron meteorite com-
positions (Figures 4.13 and 4.14). Compared to the Earth’s core, the martian core is smaller, it
might contain larger amounts of H and O, and it has a lower Fe/Ni value, with its mantle being
enriched in Fe (Table 4.2). Overall, these factors contribute to Mars’ lower uncompressed den-
sity as compared to the Earth’s (3750 vs 4060 kg/m3; Table 4.2). There is no unique model for
core compositions of Earth andMars that satisfies the geodetic and geochemical constraints (Mc-
Donough, 2014; Yoshizaki and McDonough, 2020b), and further experimental and theoretical
efforts are needed to constrain the light element budget in the planetary cores.
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Figure 4.13. Composition of metallic cores of Earth (McDonough, 2014), Mars (Yoshizaki
and McDonough, 2020b) and NC-group iron meteorite parent bodies (Wasson and Richardson,
2001; Chabot, 2018). (A) Siderophile and chalcophile element and (B) nominally lithophile
element abundances. Elemental abundances are normalized to CI chondrite composition and
Ni. Elements are arranged by their 50% nebular condensation temperatures (Wood et al., 2019),
while W and Re are replaced to highlight chondritic highly siderophile element abundance in
planetary cores. Type IIIAB and IVA iron meteorites have fractional crystallization (i.e., mag-
matic) origin and are isotopically classified as NC group meteorites (Burkhardt et al., 2011;
Kruijer et al., 2017a; Poole et al., 2017).
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Figure 4.14. Composition of metallic cores of Earth (McDonough, 2014), Mars (Yoshizaki
and McDonough, 2020b) and fractionally crystallized (i.e., magmatic) iron meteorites (Gold-
stein et al., 2009). (A) Ge versus Ni. (B) Ir versus Ni. Iron meteorites are classified into non-
carbonaceous (NC: in red) and carbonaceous (CC: in blue) groups based on their Mo and W
isotopic compositions (Burkhardt et al., 2011; Kruijer et al., 2017a; Poole et al., 2017). Silicate-
bearing (non-magmatic) iron groups are not shown. The IIG iron meteorites are also excluded
from the plot because isotopic data to classify them into NC or CC group are not available. CI
chondritic ratios are from Lodders (2020).
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4.4 Discussion
4.4.1 Origin of volatile depletion in terrestrial planets
From Mercury to Mars and beyond to Vesta, the second biggest asteroid, their surface K/Th
values are significantly lower relative to chondrites (Surkov et al., 1987; Taylor et al., 2006a;
Peplowski et al., 2011; Prettyman et al., 2015). The origins of this depletion and that of other
MVE remain elusive, with possible explanations including post-nebular volatile loss due to in-
ternal or impact-induced heating (e.g., O’Neill and Palme, 2008; Norris and Wood, 2017) and
incomplete condensation of nebular gas (e.g., Palme and O’Neill, 2014; Siebert et al., 2018).
Since planetary K/Th ratios and relative amounts of more refractory olivine (Mg2SiO4) and less
refractory pyroxene (MgSiO3) do not correlate with their heliocentric distances in both the solar
and extra-solar systems (e.g., Figure 4.8A; van Boekel et al., 2004; Kessler-Silacci et al., 2006;
Bouwman et al., 2008, 2010; Sargent et al., 2008), these volatile depletion do not solely reflect
an outward temperature decrease in the protoplanetary disk.
The absence of heavy isotope enrichment in rocks from Earth and Mars for multiple iso-
tope systems (e.g., K, Zn, Rb, Fe, Cd; Humayun and Clayton, 1995; Nebel et al., 2011; Paniello
et al., 2012a; Sossi et al., 2016b, 2018; Pringle andMoynier, 2017;Wombacher et al., 2008) indi-
cates negligible post-accretionary evaporative loss of the MVE. In contrast, isotopically heavier
siderophile or chalcophile compositions (e.g., Fe, Ga, Sn) of terrestrial and lunar mantles might
reflect (1) core-mantle differentiation, (2) evaporation of the giant impactor’s core and addition
of the metal/sulfur-loving elements to the terrestrial mantle during the giant impact (see Sec-
tion 4.4.3), or (3) planetary surface processes (e.g., Poitrasson et al., 2004; Kato and Moynier,
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2017; Creech and Moynier, 2019). The 53Mn-53Cr and 87Rb-87Sr isotope systematics of mete-
orites and terrestrial samples are consistent with a volatility-dependent, gas-solid fractionation
during first few Myr of the solar system (e.g., Shukolyukov and Lugmair, 2006; Trinquier et al.,
2008; Hans et al., 2013; Moynier et al., 2012), which might be prior to the dissipation of the
nebular gas (∼ t0 + 5 Myr; Wang et al., 2017).
There is negligible evidence for post-accretionary MVE losses in the chemical compositions
of these planets. The bulk Earth and Mars, together with chondrites, show negligible evidence
of evaporative losses in ratios of Na, Mn and Ti (Figure 4.1 and Section 4.2.1; O’Neill and
Palme, 2008; Siebert et al., 2018), which have distinct relative volatilities during condensation
and evaporation. Values of Mn/Na and Na/Ti in the bulk Earth, Mars and chondrites are consis-
tent with an incomplete nebular condensation, in which earlier condensates are removed from
a nebular gas before a completion of more volatile species (e.g., Larimer, 1967; Larimer and
Anders, 1967) (cf. O’Neill and Palme, 2008). The plot of Mn/Na versus Na/Ti indicates that a
formation of precursors of Earth and Mars at higher temperatures than their isotopically linked
counterparts (enstatite and ordinary chondrites, respectively), which is also suggested by the for-
mer’s higher Mg/Si (i.e., olivine/pyroxene), Al/Si, and Al/Mg ratios (Kerridge, 1979; Larimer,
1979; Dauphas et al., 2015; Morbidelli et al., 2020).
In contrast, O’Neill and Palme (2008) estimated Mn/Na ∼ 2 for Mars, assuming that average
Na/Ti of basaltic and olivine-phyric shergottites (∼1.8) represents the martian mantle value,.
This Na/Ti value is significantly lower than the proposals by Taylor (2013) (4.8) and Yoshizaki
andMcDonough (2020b) (4.3). We note that the highMn/Na ratio of the bulkMars (O’Neill and
Palme, 2008) is inconsistent with the Zn and Fe isotopic compositions of the martian meteorites
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(Paniello et al., 2012a; Sossi et al., 2016b), but more isotopic data frommartianmeteorites would
be helpful to understand the origin of the Mars’ volatile depletion.
Collectively, the compositions of rocky planets, as compared to their chondritic relatives,
likely reflects volatility-dependent chemical fractionation in the protoplanetary disk, rather than
the post-accretionary losses of MVE. In contrast, small differentiated asteroids (e.g., parent bod-
ies of eucrite and angrite) show clear evidence for preferential loss of MVE (Figure 4.1; O’Neill
and Palme, 2008) and heavy isotope enrichment (e.g., Paniello et al., 2012b; Pringle et al., 2017;
Tian et al., 2019), which are the hallmarks of evaporative losses during or after their accretion.
Volatile elements might have escaped from these small bodies during and/or after their accretion,
due to their weak gravity field.
4.4.2 The building blocks of the terrestrial planets
The planetary building blocks appeared to be made up of high-temperature materials, dom-
inantly chondrules, which are silicate droplets formed by transient heating events within first
few Myr of the solar system evolution (Connelly et al., 2012; Bollard et al., 2017), and are
an essential component of chondrites (e.g., Scott and Krot, 2014; Russell et al., 2018). MVE
composition of chondrules provides a record of incomplete nebular condensation rather than
evaporation processes (Humayun and Clayton, 1995; Alexander et al., 2000, 2008; Galy et al.,
2000; Pringle et al., 2017). The refractory element enrichment and MVE depletion in the BSE
and BSM are comparable to those observed for chondrules from carbonaceous chondrites (Fig-
ure 4.15; Hewins and Herzberg, 1996; Mahan et al., 2018a). Significantly, mass-dependent Ca
(Huang et al., 2010; Magna et al., 2015; Amsellem et al., 2017; Simon et al., 2017; Bermingham
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et al., 2018) andMg (Bizzarro et al., 2004; Young and Galy, 2004; Wiechert and Halliday, 2007;
Bouvier et al., 2013; Olsen et al., 2016; Hin et al., 2017) isotopic compositions of chondrules,
BSE and BSM also suggest that they inherited fractionated isotopic signatures from similar pre-
cursor materials, which have experienced high-temperature gas-solid fractionation processes.
Recent theoretical models of planetary growth favor formation of terrestrial planets via ac-
cretion of chondrule-sized pebbles (e.g., Johansen et al., 2015a,b; Levison et al., 2015). These
models predict a rapid accretion ofMars-sized bodies under the presence of a nebular disk. Thus,
Mars, with a τaccretionMars of ∼2 Myr (Dauphas and Pourmand, 2011; Kruijer et al., 2017b; Bouvier
et al., 2018) (cf. Marchi et al., 2020), formed within the nebular disk lifetime (∼5 Myr; Wang
et al., 2017), whereas Earth is suggested to have τaccretionEarth ≥30 Myr (e.g., Kleine et al., 2009),
which documents its accretion stretched beyond the lifetime of the nebular disk.
Differences in planetary MVE abundances (Figure 4.4) likely reflect aspects of their accre-
tion histories and sizes. Chondrites, the least MVE-depleted one among these bodies, contain
fine-grained, volatile-richmatrix that accounts for the largest fraction of the inventory of volatiles
(e.g., Alexander, 2005, 2019a,b; Bland et al., 2005; Zanda et al., 2018). Although a relationship
between chondrules and matrix remains poorly understood, their coexistence in the protoplane-
tary disk before planetesimal accretion is widely accepted (e.g., Hezel et al., 2018a; Zanda et al.,
2018). Some carbonaceous chondritic asteroids accreted more chondrules and less matrix, re-
sulting in more MVE-depleted compositions (Figs. 4.16B and 4.17). According to the pebble
accretion model (Johansen et al., 2015a,b; Levison et al., 2015), planetesimal growth starts off
by preferentially accreting the smallest particles, and as the body grows, it prefers to accrete
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Figure 4.15. Lithophile element composition of Earth, Mars, and carbonaceous chondrites and
their components. (A) Lithophile element abundance in the bulk silicate Mars (BSM), bulk
silicate Earth (BSE) and bulk chondrules from carbonaceous chondrites. Elemental abundances
are normalized to CI chondrite composition and Al. Elements are arranged by their 50% nebular
condensation temperatures. (B) CI-normalized Al abundances in the BSE, BSM, bulk planets,
bulk chondrules and bulk chondrites. Chemical composition of chondrules is from Hezel et al.
(2018b) and MetBase (1994-2017). Other data sources are as in Figure 4.7.
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larger and larger size particles. This mechanism would lead to a growing planetesimal having a
larger chondrule/matrix ratio, and becoming more MVE-depleted as its mass increases. Thus,
small chondritic asteroids likely co-accreted chondrules and matrix, whereas Mars, with its in-
termediate volatile depletion, size and accretion timescale, likely accreted a greater fraction of
chondrules to matrix (Figure 4.16). Finally, the Earth’s prolonged accretion history was domi-
nated by chondrule accretion, resulting in its significant MVE-depleted composition. The MVE
depletion scales with size of the chondritic parent body and planet (Figure 4.16), implying an ac-
cretion driven process from an undepleted nebula (i.e., CI (solar) composition). Exceptions are
small differentiated bodies (e.g., the Moon and Vesta) that experienced post-nebular volatile loss
due to internal or impact-induced heating (Section 4.4.1). Thus, the chondrule-driven planetary
growth plays a critical role in establishing the planetary MVE-depleted characteristics.
In contrast, enstatite and ordinary chondrites, whose isotopic composition and redox state are
most related to Earth and Mars, respectively (e.g., Trinquier et al., 2007, 2009; Warren, 2011;
Dauphas, 2017; Figure 4.8B), do not show a clear refractory enrichment nor MVE depletion
(Figs. 4.8A, 4.16 and 4.17). In addition, chondrules from these NC chondrites are less depleted
in MVE than the BSE and BSM (Figure 4.18). Thus, the chondrule-driven MVE-depletion sce-
nario discussed above cannot be applied to the NC chondrites we have in our collections. These
observations indicate that the NC chondrites represent refractory-poor, volatile-rich counter-
parts of the inner rocky planets. Morbidelli et al. (2020) showed that the low Mg/Si and Al/Si
solids, which are comparable to those of NC chondrites (Figure 4.8A), condense after removal
of early-formed, high-temperature condensates from the system.
Differences in the timing of planetary accretion might also be important in establishing their
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Figure 4.16. (A) Accretion timescale (Myr) vs K/Th ratio of chondrites and terrestrial planets.
Duration of accretion of chondritic asteroids is based on the Pb-Pb, Hf-W and Al-Mg ages of
chondrules (Amelin et al., 2002; Amelin and Krot, 2007; Connelly et al., 2008, 2012; Connelly
and Bizzarro, 2009; Bollard et al., 2017, 2019; Villeneuve et al., 2009; Nagashima et al., 2017;
Schrader et al., 2017; Kita et al., 2013; Pape et al., 2019; Budde et al., 2016b, 2018), Mn-Cr
ages of asteroidal secondary alteration products (Fujiya et al., 2012; Doyle et al., 2015), and
thermal modeling of asteroids (Sugiura and Fujiya, 2014). Accretion timescales of Earth and
Mars are defined based on Kruijer et al. (2017b, 2020), Kleine et al. (2009), Dauphas and Pour-
mand (2011), Kruijer et al. (2017b), and Connelly et al. (2019). (B) Abundance of chondrules
(vol%) vs K/Th value of chondrites. Error bars (shown only for carbonaceous chondrites) rep-
resent 2 standard deviations, and gray area corresponds to the 95% confidence interval of the
linear regression. The abundances of chondrules in chondrites are based on McSween (1977a),
McSween (1977b), McSween (1979) and Scott and Krot (2014). The amounts of chondrules in
Earth and Mars are estimated based on their K/Th values and extrapolation of the carbonaceous
chondritic trend. See Appendix C.4 for a method to calculate the CAI-free bulk CV composition.
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Figure 4.17. Abundance of chondrules (vol%) vs Rb/Sr and Na/Al of chondrites and terres-
trial planets. Compositions of chondrites, Earth, and Mars are from Alexander (2019a,b), Mc-
Donough (2014), and Yoshizaki and McDonough (2020b), respectively. Error bars (shown only
for carbonaceous chondrites) represent 2 standard deviations, and gray area corresponds to the
95% confidence interval of the linear regression. The abundances of chondrules in chondrites
are based onMcSween (1977a), McSween (1977b), McSween (1979) and Scott and Krot (2014).
The amounts of chondrules in Earth and Mars are estimated based on their K/Th values (Fig-
ure 4.16).
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Figure 4.18. Lithophile element composition of Earth, Mars and non-carbonaceous chondrites
and their components. (A) Lithophile element abundance in the bulk silicate Mars (BSM), bulk
silicate Earth (BSE) and bulk chondrules from carbonaceous chondrites. Elemental abundances
are normalized to CI chondrite composition and Al. Elements are arranged by their 50% nebular
condensation temperatures. Note that Cr and Mn depletion in the BSE and enstatite chondrite
chondrules reflects less lithophile behavior of these elements under reduced conditions. (B) CI-
normalized Al abundances in the BSE, BSM, bulk planets, bulk chondrules and bulk chondrites.
Chemical composition of chondrules is from Hezel et al. (2018b), Yoshizaki et al. (2020) and
MetBase (1994-2017). Other data sources are as in Figure 4.7.
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relative abundances of MVE. Chronology of meteorites combined with thermal modeling of
asteroids (Sugiura and Fujiya, 2014; Kruijer et al., 2017a; Zhu et al., 2020) indicates that the
undifferentiated NC planetesimals accreted 1–2 Myr after formation of differentiated NC bodies
(i.e., iron meteorite parent bodies and terrestrial planets). The variation in the absolute ages of
chondrules (Connelly et al., 2012; Bollard et al., 2017), occurrence of relict grains (Jones, 1994;
Weisberg et al., 2011; Tenner et al., 2018) and igneous rims (Krot and Wasson, 1995) in chon-
drules, and the presence of compound chondrules (Wasson et al., 1995) indicate that chondrule
formation was a repeated event. Thus, the longer chondrules remained in the accretionary disk,
the more opportunities it has being recycled by later events. Ordinary chondrite chondrules
records an admixing of MVE-rich CC-like materials to MVE-poor chondrule precursors into
the NC reservoir (Mahan et al., 2018a; Schiller et al., 2018; Bollard et al., 2019). Additions of
MVE-rich materials and repeated chondrule recycling produce younger chondrules with higher
MVE abundance (Mahan et al., 2018a). Thus, terrestrial planets, which are dominated by earlier
materials that experienced fewer recycle events and MVE addition, are more depleted in MVE
as compared to the NC chondrites, which accreted the younger MVE-enriched chondrules.
The preservation of MVE depletion in CC chondrules indicate that the chondrule recycle
events and MVE additions were less frequent in the CC reservoir (i.e., outer solar system) as
compared to the conditions in the NC region (i.e., inner solar system). There are multiple chon-
drule formation scenarios (e.g., nebular shock wave, planetary collision, splash of molten plan-
etesimals, nebular lightning; Morris and Boley, 2018; Johnson et al., 2018; Sanders and Scott,
2018; Pilipp et al., 1998). Although it remains unclear which processes triggered the chondrule
formation, all of these events occur more frequently in the inner solar system due to its higher
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mass density. Chemical and isotopic signatures of NC chondrules are less variable than those
of CC ones, supporting more frequent recycle of chondrules in the inner solar system (Hewins
and Zanda, 2012; Tenner et al., 2018). Furthermore, absolute ages and MVE abundance in CR
chondrules indicate a less efficient MVE addition during chondrule recycle in the CC reservoir
(Mahan et al., 2018b). Consequently, the CC chondrules could have preserved their MVE de-
pletion until the accretion of CC chondritic asteroids, and thus are chemically comparable to the
early NC materials which formed the terrestrial planets.
Other fundamental aspects of chondrites are their markedly different redox states and broad
spread in Fe/Si values, ranging frommetal-free CI chondrites tometal/sulfide-rich EH chondrites
(Figures 4.7 and 4.8B), which might record spatially and/or temporally heterogeneous redox
condition of the protoplanetary disk (Wadhwa, 2008; Righter et al., 2016). Since chondrules are
depleted in metallic components (e.g., Osborn et al., 1973, 1974; Grossman and Wasson, 1982;
Grossman et al., 1985) due to metal-silicate separation before (Kuebler et al., 1999; Wurm et al.,
2013; Kruss and Wurm, 2020) and/or during (e.g., Grossman and Wasson, 1985; Zanda et al.,
1994; McCoy et al., 1999; Connolly et al., 2001; Uesugi et al., 2008; Pringle et al., 2017; van
Kooten andMoynier, 2019) their formation, refractory metal-rich materials, which are abundant
in chondritic meteorites (e.g., Scott and Krot, 2014), should also have been incorporated to the
planetary embryos to account for their present-day metal abundances (Figure 4.8B).
This chondrule-rich accretion model for the terrestrial planets reveals the limited ability to
reach greater levels of enrichment in refractory elements (Figs. 4.8A and 4.15B), which is a con-
cern for planetary compositional models promoting high refractory element abundance (Sec-
tion 4.3.1). To reach higher levels of refractory element enrichment beyond that seen in CV
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chondrites and their chondrules, larger amounts of refractory inclusions are needed, which is in-
consistent with chondritic REE ratios of the BSE (Stracke et al., 2012; Dauphas and Pourmand,
2015).
4.4.3 Formation models of the terrestrial planets
4.4.3.1 Previous models of the Earth’s accretion and Moon formation
Depletion of moderately to highly siderophile and chalcophile elements in the BSE is consis-
tent with Earth’s initial accretion from highly reduced, volatile-depleted materials, that was later
oxidized by volatile-rich additions (e.g., Wänke, 1981; Wänke et al., 1984; Wänke and Dreibus,
1988; O’Neill, 1991b; Rubie et al., 2011, 2015). Support for this temporal evolution in volatile
accretion is found in multiple radiogenic isotope systems (e.g., Rb-Sr, U-Pb, Ag-Pd, I-Pu-Xe;
Halliday and Porcelli, 2001; Albarede, 2009; Schönbächler et al., 2010; Mukhopadhyay, 2012;
Ballhaus et al., 2013; Maltese and Mezger, 2020), metal-silicate partitioning behaviors of ele-
ments such as W, Mo, S and C (e.g., Wade et al., 2012; Li et al., 2016; Suer et al., 2017; Tsuno
et al., 2018; Ballhaus et al., 2017), and N-body simulations of planetary formation (e.g., Ray-
mond et al., 2006; Morbidelli et al., 2012). However, the degree of volatile element depletion in
the pre-impact proto-Earth remains unconstrained.
The two-component accretion models for the growth of Earth envisage mixing of highly
reduced, volatile-depleted materials with oxidized, volatile-rich, "CI-chondritic" materials in
some proportion, not well defined, but generally conceived their mass ratios to be in the range
of 60:40 to 90:10 (Wänke et al., 1984; Wänke and Dreibus, 1988; O’Neill, 1991b). Some mass
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estimates of the late oxidized addition are comparable to a Mars-sized, Moon-forming impactor
(e.g., Canup and Asphaug, 2001; Canup, 2004, 2008). The impactor’s composition has often
been assumed to be CI-chondritic (e.g., O’Neill, 1991a,b; Maltese and Mezger, 2020).
However, the CI-chondritic impactor model has been multiply challenged. The common
MVE depletion in rocky differentiated bodies in the solar system (e.g., sub-solar K/Th ratios;
Section 4.4.1) might indicate a similar MVE depletion in the Mars-sized impactor. In addition,
the CI-like impactor model requires a significant volatile depletion in the proto-Earth, perhaps
at levels seen in angrites and calcium-aluminum-rich inclusions (CAIs), which show heavy Mg-
and Si-isotope enrichment and significant depletion of moderately volatile elements (e.g., Gross-
man et al., 2000, 2008b; Pringle et al., 2014) due to significant evaporative losses of the major
and more volatile elements by impact-induced or transient nebular heating events (e.g., Stolper
and Paque, 1986; Richter et al., 2002; Pringle et al., 2014; Yoshizaki et al., 2019; Young et al.,
2019). However, such isotopic signatures are not recognized for Earth (Section 4.4.1). Fur-
thermore, models predicting compositional zoning in the protoplanetary disk have a region of
CI-like material accreting at ≥15 AU (Desch et al., 2018), where it is predicted that the disk
mass is too low to form a Mars-sized body.
Compositional similarities of Earth and Moon in multiple isotope systems set strict con-
straints on the nature of both the impactor and proto-Earth, that is, they are derived from a
similar NC isotopic reservoir that appears to be restricted to inner solar system sources (e.g.,
Wiechert et al., 2001; Trinquier et al., 2009; Warren, 2011; Zhang et al., 2012; Greenwood
et al., 2018; Dauphas, 2017; Kruijer et al., 2017a). This observation is consistent with dynam-
ical simulations which predict low probabilities of a Moon-forming impactor originating from
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>10 AU (e.g., Jackson et al., 2018a). Thus, these constraints exclude the isotopically distinct
CI chondrite as an impactor candidate. In contrast, recent Mo and O isotopic data from a broad
range of NC and CC materials challenge this exclusion and find support for a CC-like impactor
and/or vigorous mixing of proto-Earth and impactor, requesting further constraints to reveal the
origin of the Earth-Moon system (Young et al., 2016; Budde et al., 2019; Cano et al., 2020).
Furthermore, the recently-proposed synestia model (Lock et al., 2018) has the Moon forming in
a vapor cloud surrounding Earth. This vapor cloud was produced by a large impact, resulting in
a well-mixed, chemically equilibrated proto-earth and the vapor cloud.
4.4.3.2 Mars-likeMoon-forming giant impactormodel: description of themodel
Here we propose a model for the origin of the Moon. Our model is a modification of the
original Wänke et al. (1984)’s model and later modified by O’Neill (1991a,b). In our version of
this model, we envision the Earth’s formational history in 4 steps and use a differentiated Mars-
like composition (Yoshizaki and McDonough, 2020b), instead of CI composition, for the giant
impactor. Figures 4.19 to 4.21 show the details of our model: Figure 4.19 specifically highlights
the differences between our model and those previously presented. We start with
1. the accretion of the proto-Earth (reduced and volatile-depleted) accompanied by continu-
ous core-mantle differentiation (∼90% of Earth’s mass),
2. followed by a late-stage (e.g., 30–100Myr after t0; Kleine et al., 2009)Moon-forming giant
impact event that adds the final ∼10% mass (oxidized and volatile-enriched) to Earth and
forms a protolunar accretion disk,
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3. subsequently, the mantle loses a Fe-Ni (±O) sulfide liquid (sulfide matte; O’Neill, 1991b)
to the core (∼0.5% BSE mass),
4. and finally, the BSE receives the addition of (0.3–0.8% of the BSE mass) a late accre-
tion component that brings the highly siderophile and chalcophile elements in chondritic
proportions and highly volatile gases and fluids.
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Figure 4.19. A cartoon summarizing three models of the Earth’s accretion: (A) this study; (B)
O’Neill (1991b); and (C) Wänke et al. (1984). In models of this study and O’Neill (1991b),
the Earth’s formation is composed of four stages: (1) accretion and differentiation of the proto-
Earth, (2) addition of a giant impactor, (3) loss of a sulfide matte, and (4) a late accretion (not
shown).
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Figure 4.20. A cartoon summarizing four stages of the Earth’s accretion proposed in this study.
The four stages include: (1) accretion and differentiation of the proto-Earth, (2) addition of a
Mars-like giant impactor and formation of the Moon, (3) loss of a sulfide matte, and (4) a late
accretion of chondritic materials.
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The bulk composition of the proto-Earth (Table 4.3) was calculated by subtracting contri-
butions of the Mars-like impactor and late-added materials from the bulk composition of the
present-day Earth (McDonough, 2014).
The core-mantle differentiation of proto-Earth was modeled using the calculated bulk proto-
Earth composition and metal-silicate distribution coefficients of elements at high P-T conditions
(∼30 GPa and ∼3000 K) and log fO2 ∼ IW − 2. The metal-silicate partition coefficients of
siderophile elements are predicted using parameters in Table 4.4 and for most of these elements
(S, V, Cr, Mn, Co, Ni, Cu, Zn, Ge, Se, Cd, Sn, Pb), following Righter et al. (1997) and Righter
(2011), an equation:






+ d ln(1 − XS) + e ln(1 − XC) + f ln(1 − XSi) + g(NBO/T) + h, (4.10)
where fO2 is the absolute oxygen fugacity, D is the metal-silicate partition coefficient (wt% in
metal/wt% in silicate), XS, XC and XSi are the mole fractions of S, C, and Si in the metallic liquid,
respectively, and NBO/T is the ratio of non-bridging oxygen atoms to tetrahedrally coordinated
cations in the silicate melt, was adopted. The absolute fO2 is expressed as












where ∆IW is a deviation from the iron-wüstite buffer





Table 4.3. Composition of the bulk proto-Earth predicted by
the Mars-like Moon-forming impactor model. Concentrations
are in ppm (µg/g), otherwise noted.
Element Bulk proto-Earth Element Bulk proto-Earth
Li 1.1 Nb 0.4
Be 0.05 Mo 2
B 0.1 Ag 0.04
O (%) 29.0 Sn 0.2
F 9 Sb 0.04
Na 1600 Cs 0.03
Mg (%) 15.4 Ba 4.5
Al (%) 1.59 La 0.44
Si (%) 16.0 Ce 1.1
P 660 Pr 0.17
S 5200 Nd 0.84
K 180 Sm 0.27
Ca (%) 1.90 Eu 0.10
Sc 11 Gd 0.37
Ti 810 Tb 0.07
V 110 Dy 0.46
Cr 4680 Ho 0.10
Mn 920 Er 0.30
Fe (%) 32.9 Tm 0.046
Co 900 Yb 0.30
Ni (%) 1.87 Lu 0.046
Cu 60 Hf 0.19
Zn 30 Ta 0.025
As 1.7 W 0.17
Rb 0.3 Pb 0.17
Sr 13 Th 0.055
Y 2.9 U 0.015
Zr 7.1
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The NBO/T value in the silicate melt is calculated following Mysen and Richet (2019).
For P, Mo and W, a slightly modified version of Equation (4.10) is used:






+ d ln(1 − XS) + e ln(1 − XC) +
∑
i
fixi + g(NBO/T) + h, (4.13)
where Xi is the mole fraction of major oxide component (SiO2, Al2O3, FeO, MgO, and CaO) in
the silicate melt.
Metal-silicate partition coefficients of As and Sb are calculated by






+ g(NBO/T) − ln[γmetalM ] + h, (4.14)
where γmetalM is the activity of an element M in the metal. The γ
metal
M values were calculated using
the Metal Activity Calculator (MetalAct) (Wood et al., 2017; Wade and Wood, 2005).
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Table 4.4. Regression coefficients for calculating metal-silicate partition coefficients using Equations (4.10) and (4.13) to (4.15).
Referencea a b c d e f g h x1 x2 x3 x4 x5 Eq#
(ln fO2 ) (1/T ) (P/T ) (ln(1 − XS)) (ln(1 − XC)) (ln(1 − XSi)) (NBO/T) (SiO2) (Al2O3) (FeO) (MgO) (CaO)
P R10 −0.67 −50900 774 6.99 5.25 −21.6 42.8 47.6 30.8 30 31.3 4.13
S S17 3000 33 −3.3 4.10
V R11 −0.45 −35800 575 −5.63 −3.86 −0.41 8.08 4.10
Cr R11 −0.5 −33490 652 −6.49 −2.94 −0.3 6.66 4.10
Mn R11 −0.5 −31960 699 −8.9 −1.56 0.06 3.03 4.10
Co R11 −0.46 −25200 440 −1.32 −0.05 −0.2 8.86 4.10
Ni R11 −0.44 −19000 303 −1.98 −0.49 −0.31 8.58 4.10
Cu R11 −0.21 −6100 350 −9.05 0.5 −0.07 1.51 4.10
Zn Y15 −0.356 −30400 220 3.46 5.6 −3.44 −0.05 8.24 4.10
Ge Y15 -0.44 -23157 570 7.95 3.8 15 -0.41 9.21 4.10
As R17 −0.68 −18545 −42 −0.24 12.64 4.14
Se R09 12545 313.94 -4.15 4.10
Mo R11 −1.14 −67600 1080 0.52 −8.36 −13.4 29.9 30.1 40 29.3 47.4 4.13
Ag W14 4.15
Cd R18 -0.61 -43800 673 -4.15 9.15 16.1 -0.12 9.72 4.10
Sn R18 −0.75 −47300 850 0.27 11.9 4.10
Sb R17 −0.66 −1700 2050 −0.73 −4.15 4.14
W R11 −0.76 −58900 750 7.83 −0.5 9.68 19.55 8.13 1.94 −1.89 −1.74 4.13
Pb WH10 −2022 18 0.77 4.10
a R09–Rose-Weston et al. (2009); R10–Righter et al. (2010); R11–Righter (2011); R17–Righter et al. (2017); R18–Righter et al. (2018b); S17–Suer et al. (2017); W14–Wood et al. (2014);
WH10–Wood and Halliday (2010).
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= −4.26 ln(1 − XS) + 2.07. (4.15)
Table 4.5 summarizes the calculated partition coefficients.
Themass fraction of the impactor’s core that equilibratedwith the Earth’smantle (k) is poorly
constrained. While a small impactor might be efficiently emulsified and completely equilibrated
with the proto-Earth’s magma ocean, the behavior of Mars-sized impactor’s core remains con-
troversial (e.g., Rubie et al., 2003, 2015; Dahl and Stevenson, 2010; Samuel, 2012; Deguen et al.,
2014). The Hf-W and U-Pb isotopic systematics and abundances of moderately siderophile el-
ement in the BSE is consistent with 0.4 ≤ k ≤ 1 (Jacobsen, 2005; Nimmo and Agnor, 2006;
Rubie et al., 2015, 2016). Recently, Budde et al. (2019) showed that nucleosynthetic Mo isotopic
composition of the BSE is well reproduced if 20–100% of equilibrium was achieved between
the impactor’s core and the proto-Earth’s mantle (see also Kleine et al., 2020).
As a consequence of the Moon-forming event, the impactor’s mantle and core are emulsified
and equilibrated within the Earth’s mantle, providing not only lithophile, but also siderophile and
chalcophile elements to the post-impact silicate Earth (e.g., O’Neill, 1991b; Rubie et al., 2016).
The Earth’s mantle might reach S saturation, given that the addition of the impactor increases
the mantle S abundance, and the S concentration at sulfide saturation decreases dramatically as
the mantle cools (O’Neill, 1991b; Rubie et al., 2016). Thus, an immiscible Fe-Ni (±O) sulfide
liquid (post-impact sulfide matte) precipitates through a crystallizing mantle into the core due to
its high immiscibility, low wetting angle, and high density (Gaetani and Grove, 1999; Rose and
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Table 4.5. Metal-silicate and sulfide-silicate partition coefficients of el-
ements (D) adopted in the modeling.
Element Dmet−sil Referencea Dsul−sil Referencea
P 20 R10 10–300 JD86, R97
S 100 R09, B14, S17 1000 See noteb
V 1.3 R11 0.1–2 GG97
Cr 2 R11 2–4 KW13
Mn 0.8 R11, S18 1–3 KW13
Fe 20 Mass balancec 9 Mass balanced
Co 30 R11 40–100 KW13, P13
Ni 40 R11 100–800 KW13, P13, WW17
Cu 15 R11 100–500 KW13, B15
Zn 0.5 Y15 2–5 KW13, P13
Ge 200 Y15 0–5 KW15
As 50 R17 1–1000 KP89, LA15
Se 1000 R09 1000–2000 B15
Mo 50 R11 10–1000 KW13, P13, LA15
Ag 50 W14 400–1000 KW13, P13, B17
Cd 2 R18 40–100 KW13
Sn 50 R18 10–100 P13, LA15, B17
Sb 100 R17 10–100 KW13, B15
W 20 R11 1–200 JD86, KP89, R97
Pb 25 WH10 5–200 KW13, P13, B15, B17
a B14–Boujibar et al. (2014); B15–Brenan (2015); B17–Ballhaus et al.
(2017); GG97–Gaetani and Grove (1997); JD86–Jones and Drake (1986);
KP89–Klock and Palme (1988); KW13–Kiseeva and Wood (2013); LA15–
Li and Audétat (2015); LP91–Lodders and Palme (1991); P13–Patten et al.
(2013); R09–Rose-Weston et al. (2009); R97–Righter and Drake (1997);
R10–Righter et al. (2010); R11–Righter (2011); R17–Righter et al. (2017);
R18–Righter et al. (2018b); S17–Suer et al. (2017); S18–Siebert et al.
(2018); Y15–Yang et al. (2015); W14–Wood et al. (2014); WH10–Wood
and Halliday (2010); WW17–Wohlers and Wood (2017).
b Assumed that all S in the post-impact Earth’s mantle were subtracted by the
sulfide matte with a present-day mantle sulfide composition (Lorand and
Conquéré, 1983).
c Based on mass balance between proto-Earth, Mars-like impactor, post-
impact sulfide matte and present-day silicate Earth.
d Based on mass balance between post-impact Earth’s mantle and sulfide




The mass of post-impact sulfide matte is calculated by assuming that all S in the post-impact
BSE was stripped by a sulfide phase, and all S in the present-day BSE is derived from the late-
accreted materials (Yi et al., 2000; Rose-Weston et al., 2009; Wang and Becker, 2013). Using
a metal-silicate partition coefficient of S (Dmet−silS ) of 100 (Rose-Weston et al., 2009; Boujibar
et al., 2014), the proto-Earth’s mantle is estimated to contain ∼170 ppm S. The bulk Mars-like,
Moon-forming impactor with 10% of the present-day Earth’s mass has 1.2 wt% S (Yoshizaki and
McDonough, 2020b), so its addition increases S concentration in the post-impact Earth’s mantle
to ∼0.2 wt%. If all S in the post-impact BSE is segregated by a sulfide liquid with a composition
of sulfides in spinel lherzolite xenoliths (37.7 wt% Fe, 21.1 wt% Ni, 0.3 wt% Co, 1.6 wt% Cu,
and 38.3 wt% S; Lorand and Conquéré, 1983), the amount of the sulfide liquid is∼0.5 wt% of the
present-day Earth’s silicate mantle. Fractionation of other siderophile or chalcophile elements
due to the sulfide matte precipitation is modeled using the Dsul−sil values listed in Table 4.5.
Since there are limited numbers of experimental dataset on Dsul−sil values, we do not specify
P-T conditions of the sulfide matte formation. The errors accompanied with the wide variation
in the expected Dsul−sil values are much larger than those from other parameters (e.g., planetary
compositional models, P, T -dependent Dmet−sil values), requiring additional experimental efforts
in future.
The elevated abundances of highly siderophile and chalcophile elements in the Earth’s man-
tle indicate an addition of 0.3–0.8% of volatile-rich materials at the final stage of Earth’s ac-
cretion (e.g., Kimura et al., 1974; Chou, 1978; Walker et al., 2015; Day et al., 2016; Rubie
et al., 2016; Wang and Becker, 2013; Righter et al., 2018a). The absence of meteorite class
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that matches relative abundances and isotopic composition of highly siderophile or chalcophile
elements in the BSE keeps the nature of this late-accreted material controversial, but there is a
general consensus that the late-added material had a chondritic elemental composition (Walker
et al., 2002; Albarede, 2009; Alexander et al., 2012; Wang and Becker, 2013; Varas-Reus et al.,
2019; Fischer-Gödde et al., 2020). In this modeling, a late-accreted material with a CI-like com-
position, which is supported by multiple isotopic systematics (Albarede, 2009; Alexander et al.,
2012; Wang and Becker, 2013; Varas-Reus et al., 2019; Fischer-Gödde et al., 2020; Budde et al.,
2019) (cf., Re-Os system; Walker et al., 2002), is assumed. Note that all classes of chondrites
are similarly enriched in volatiles compared to the rocky planets, and mass fraction of the late-
accreted material in the Earth’s mantle is only 0.3–0.8%. Therefore, the choice of other type of
chondrites (e.g., enstatite or ordinary) as the late-accreted material do not affect the results of
modeling.
4.4.3.3 Mars-like Moon-forming giant impactor model: results and implica-
tions of the model
By changing the impactor mass and k, we found that the addition of 10–15% of the Earth’s
mass by the impactor or an equilibrium of 50%–100% of the impactor’s core can account for
the BSE abundances of most siderophile and chalcophile elements (Figures 4.21 to 4.23). In
this scenario, the bulk proto-Earth already contains ≥80% of the present-day Earth’s budgets of
most of the MVE (e.g., K/Th ∼ 3200; Rb/Sr ∼ 0.026; Table 4.3), since a Mars-like impactor
contributes only a limited amount of additional MVE (Figure 4.21). We envision the proto-
Earth as having a MVE abundance comparable to that of chondrules (Figures 4.15 and 4.16B).
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Thus, the proto-Earth’s composition is consistent with the chondrule-rich accretion scenario
(Section 4.4.2) and requires no need for a post-accretionary loss of MVE from the proto-Earth
before the Moon-forming event (Section 4.4.1).
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Figure 4.21. Siderophile (red square) and chalcophile (green triangle) element abundances in
the BSE, and a model BSE composition after the sulfide matte subtraction (dark red arrow)
predicted by the Mars-like (i.e., size and composition) Moon-forming impactor scenario. The
dark red arrows represent the model compositional range based on sulfide-silicate partition co-
efficients of elements (Table 4.5). Highly siderophile and chalcophile elements are not shown,
as their abundances in the present-day BSE can be explained by the late addition of volatile-
rich materials (Step 4). Also shown are the Mars-like impactor’s contribution (red band) in
the present-day Earth composition (blue band). The values for x and y axes follow the same
conventions as Figure 4.9.
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Figure 4.22. Same as Figure 4.21, but different mass fractions of the impactor (10% and 15%).
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Figure 4.23. Same as Figure 4.21, but different degrees of equilibrium (k) between the impactor
core and the proto-Earth’s mantle.
213
A challenge to our model is the unexplained higher levels of Cu and Sn and strong depletion
Sb and Ge in the BSE. These misfits can be due to our limited understanding of chalcophile
behavior of these elements at the high P and T conditions. The problem with the Cu abundance
is also found even in the CI-like Impactor model (O’Neill, 1991b), and it would be relaxed
if the lower BSE abundance of Cu (20 ppm instead of 30 ppm; O’Neill, 1991b; McDonough,
2014) and/or lower Dsul−silCu under oxidizing or high-T conditions (e.g., Li and Audétat, 2015) are
considered.
The mass fraction of the impactor contributing to the lunar composition provides a criti-
cal constraint on the lunar formation models. The lunar mantle is depleted in the nominally
lithophile V, Cr and Mn (Dreibus and Wänke, 1979). Such lunar mantle depletion can be
achieved by high-T or S-rich conditions during lunar core formation, but these conditions seem
unlikely (Steenstra et al., 2016). If a Mars-sized impactor with no V, Cr or Mn-depletion in its
mantle contributed >70% of Moon, as predicted by the canonical giant impact models (Canup
and Asphaug, 2001; Canup, 2004, 2008), ≥40% of evaporative losses ofMn and Cr are needed to
produce their depletion in the lunar mantle (Figure 4.24). Such significant evaporation of these
elements is inconsistent with their least volatile nature amongMVE (Gellissen et al., 2019; Sossi
et al., 2019). Thus, the proto-Earth’s V, Cr and Mn-depleted mantle should be a primary source
of the Moon-forming materials, as supported by their isotopic similarities (e.g., Wiechert et al.,
2001;Warren, 2011; Zhang et al., 2012; Greenwood et al., 2018). A recent geochemical model of
Earth’sMoon formation and differentiation prefers a present-day BSE-likeMVE composition for
the bulk proto-Moon (i.e., lunar source materials before gas-melt fractionation; Righter, 2019),
which is consistent with the proto-Earth’s MVE abundance and its large contribution to the lunar
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source materials (Figure 4.24 and Table 4.3). The lunar formation from the proto-Earth mate-
rials is also consistent with recent particle hydrodynamic collision simulations (Hosono et al.,
2019).
4.4.3.4 Mars’ accretion and core formation
Our compositional estimate of Mars requires a much simpler formation history as compared
to Earth’s multi-stage formation scenario. The lack of depletion in nominally lithophile elements
in the BSM (V, Cr andMn; Figure 4.10) is consistent with its accretion under uniformly oxidized
and low-T conditions (e.g., Wood et al., 2009). Mars might have experienced a large impact(s)
that produced its hemispheric crustal dichotomy and possibly martian moons (e.g., Marinova
et al., 2008; Canup and Salmon, 2018), but estimates of a putative small impactor (∼0.1% of the
Mars’ mass; Canup and Salmon, 2018) would result in negligible changes in its bulk composi-
tion. The 0.5–1%mass addition of chondritic late accretion material provides highly siderophile
and chalcophile elements to the martianmantle (Tait and Day, 2018; Yoshizaki andMcDonough,
2020b).
Righter and Chabot (2011) estimated 14 ± 3 GPa and 2100 ± 200 K, by combining the BSM
abundance of siderophile elements (Ni, Co, W, Mo, P and Ga) estimated by themselves, Lodders
and Fegley (1997), and Longhi et al. (1992). Recently, Yang et al. (2015) extended this approach
by including minor siderophile and chalcophile elements, and obtained a result consistent with
the estimates by Righter and Chabot (2011). Following the approach of Righter and Chabot
(2011) and Yang et al. (2015), we found that the siderophile elements in Mars estimated by
Yoshizaki andMcDonough (2020b) can be satisfied at multiple P and T conditions (Figure 4.25),
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Figure 4.24. Abundances of moderately volatile elements (X i) in the bulk silicate Moon and a
mixture of the Mars-like Moon-forming impactor’s mantle and proto-BSE, plotted against mass
fraction of the impactor in Moon. Xbulk silicate Mooni are based on Warren (2005), McDonough
et al. (1992), and O’Neill (1991a). Colors of curves correspond 1% evaporation temperatures
of elements from a silicate melt at log fO2 = −10 at 1 bar (Sossi et al., 2019).
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and there is no unique solution (Figure 4.26). Future investigations of partitioning behaviors
of elements between silicates and Fe + S ± O ± H alloys will provide useful insights into the
formation history of the martian core. In general, the siderophile element distribution in Mars
can be explained by a much less complicated scenario than that of the Earth’s.
The simple formation history of Mars, combined with its rapid and early accretion (Dauphas
and Pourmand, 2011; Kruijer et al., 2017b; Bouvier et al., 2018; Marchi et al., 2020), is con-
sistent with its status as a planetary embryo. Given compositional and redox state gradients in
the protoplanetary disk, Mars might record the chemical characteristics of nebular materials in
the Mars’ orbit in the first few years of the solar system, whereas Earth might have incorporated
oxidized materials from greater heliocentric distance in its later accretion stage (Section 4.4.3.2;
Rubie et al., 2015). The Mars’ status as a planetary embryo suggest that a Mars-sized body com-
monly has a Mars-like composition, supporting the Mars-like Moon-forming impactor scenario
(Section 4.4.3.2).
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Figure 4.25. Core/mantle enrichment factors of siderophile elements in Mars (Yoshizaki and
McDonough, 2020b) and modeled metal-silicate distribution coefficients of these elements at 14
GPa and 2100 K (gray), 20 GPa and 2500 K (red), and 25 GPa, 2000 K (blue). Redox conditions
are fixed at log fO2 = IW − 1.5. Error bars on the Mars’ values reflect 1 standard deviations in
the martian bulk silicate composition model (Yoshizaki and McDonough, 2020b).
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Figure 4.26. Metal-silicate partitioning coefficients of siderophile elements calculated for the
martian core model of Yoshizaki andMcDonough (2020b). Redox conditions are fixed at log fO2
= IW − 1.5. White solid and broken lines show P-T conditions that are consistent with the
core-mantle distribution of these elements in Mars within 1 standard deviations (Yoshizaki and
McDonough, 2020b).
219
4.4.4 Conditions for a habitable planet formation
The early τaccretionMars age implies that Mars underwent global-scale silicate melting and rapid
core formation due to heating from short-lived 26Al and 60Fe (Figure 4.27; Dauphas and Pour-
mand, 2011; McDonough et al., 2020). The peak radiogenic heating occurs at about 1 to 5 Myr
after t0, well within the time scale for Mars accretion. With τaccretionMars = 2 Myr, the radiogenic
energy supplied by 26Al is comparable to Mars’ gravitational binding energy (∼ 7 × 1029 J and
∼1030 J, respectively). During the first 10 Myr, radiogenic heating (26Al, 60Fe and 40K, in order
of significance) is comparable to the planet’s primordial energy and is a major control on its
thermal evolution.
Mars has the attributes needed for a rocky planet to be biologically available in its early
history (e.g., Ehlmann et al., 2016), and it has a higher bulk heat production than Earth’s (3.9
vs 3.3 pW/kg; Table 4.2). Nonetheless, it has rapidly lost much of its primordial energy (i.e.,
accretion and core differentiation) due to its larger surface to volume ratio (a factor of 2) and
smaller core size (i.e., reduced bottom heating), and it is in waning stages of limited fuel re-
sources (Parro et al., 2017; Yoshizaki and McDonough, 2020b). Basal heating of the martian
mantle by its core enhances its thermal evolution, while the transfer of hydrogen from the adja-
cent ringwoodite to the core (Shibazaki et al., 2009; Yoshizaki andMcDonough, 2020b) reduces
the lifetime of the dynamo (O’Rourke and Shim, 2019). Collectively, these processes likely con-
tributed to dynamo termination at ∼4 Ga and loss of the protective magnetosphere (Acuña et al.,
1999; Arkani-Hamed, 2004; Lillis et al., 2008). This magnetosphere shields the planet from
atmospheric losses, enhances its surface UV radiation, and leads to dramatic climate changes
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Figure 4.27. Relative contributions of radiogenic heat to Mars during accretion over the first 16
Myr of the solar system history. The compositional model for the bulk Mars is from Yoshizaki
and McDonough (2020b). The τaccretionMars age of 2 Myr is adopted in the modeling (Dauphas and
Pourmand, 2011).
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(Ehlmann et al., 2016).
Volatile elements may play a critical role in establishing the amount of light elements in
and solidus of the core. The amount of water and other volatile species in the planet’s interior
and surface may potentially create the appropriate conditions for the initiation of plate tecton-
ics (e.g., Albarede, 2009; Ehlmann et al., 2016). Likewise, the heat-producing elements and a
reduced core solidus keep the metallic core convecting and lead to the creation of a magnetic
field, which shields a planet’s surface from cosmic rays. Together, heat-producing and volatile
elements regulate a planet’s cooling history, drive crustal differentiation, and make it habitable
(Ehlmann et al., 2016). The simple formation history of Mars (Section 4.4.3.4; Rubie et al.,
2015) emphasizes the uniqueness of Earth, the sole habitable planet in our solar system. In
turn, the Earth-Mars comparison indicates that high-temperature nebular chemical processes
and timescales of planetary accretion are essential in making habitable planets.
Depletion in volatile elements appears to be a common feature of the terrestrial planets (Fig-
ure 3.9; Surkov et al., 1987; Peplowski et al., 2011), and may likely be so for rocky exoplanets
(Harrison et al., 2018, 2021). The relationship between the planetary volatile depletion, size,
accretion timescale and abundance of chondrules (Figure 4.16) predict accretion timescales of
Venus and Mercury of 30–100 Myr and 2–10 Myr, respectively, based on their Earth- and Mars-
like K/Th ratios, respectively (Surkov et al., 1987; Peplowski et al., 2011). The predicted ages
of Mercury and Venus provide a foundation for future investigation of their thermal history and
habitability.
Venus and Earth are quite similar in their physical and chemical properties (size, bulk K/Th
ratio, Mg# in basalt and possibly MOI; e.g., Surkov et al., 1987; Dumoulin et al., 2017), but their
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present-day surface conditions are distinct. Venus does not show a clear evidence for a giant
impact, and its size and K/Th ratio (∼3000; Surkov et al., 1987) are comparable to those of the
proto-Earth (K/Th ∼ 3200; Table 4.3). Therefore, the present-day Venus might be comparable to
the pre-impact proto-Earth. Further observational, cosmochemical and theoretical investigations
of Venus may provide useful insights into the pre- and post-formational history of Earth, the only
habitable planet in the today’s solar system.
4.5 Conclusions
The refractory element enhancement and volatile depletion of Earth and Mars were estab-
lished by a nebular chemical fractionation. Post-accretionary losses of moderately volatile el-
ements are negligible. The degree of volatile element depletion correlates with the abundance
of accreted chondrules, planetary size, and their accretion timescale. The present-day bulk sili-
cate Earth composition is consistent with a Moon-forming impactor having a Mars-like size and
composition. Planetary chemistry, which is related to many factors including the building block
composition, the timing, duration and sequence of accretion and its differentiation history, play
an essential role in making a planet habitable.
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Figure 4.28. Relationships between abundances of moderately volatile elements, body size, thermal histories of building blocks (i.e., the
number of chondrules recycles), and isotopic compositions of solar system bodies. Abbreviations: MVE–moderately volatile elements;
CC group–carbonaceous group; NC group–non-carbonaceous group; SS–solar system; Tcond–condensation temperature of precursors.
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Chapter 5
Composition and origin of metal-rich planets1
Abstract
Terrestrial planets (Mercury, Venus, Earth, and Mars) are differentiated into three layers: a
metallic core, a silicate shell (mantle and crust), and a volatile envelope of gases, ices, and, for
the Earth, liquid water. Each layer has different dominant elements (e.g., increasing iron content
with depth and increasing oxygen content to the surface). Chondrites, the building blocks of the
terrestrial planets, have mass and atomic proportions of oxygen, iron, magnesium, and silicon
totaling ≥90% and variable Mg/Si (∼25%), Fe/Si (factor of ≥2), and Fe/O (factor of ≥3). What
remains an unknown is to what degree did physical processes during nebular disk accretion
versus those during post-nebular disk accretion (e.g., impact erosion) influence these planets
final bulk compositions. Here we predict terrestrial planet compositions and show that their core
mass fractions and uncompressed densities correlate with their heliocentric distance, and follow
a simple model of the magnetic field strength in the protoplanetary disk. Our model assesses
the distribution of iron in terms of increasing oxidation state, aerodynamics, and a decreasing
magnetic field strength outward from the Sun, leading to decreasing core size of the terrestrial
1This chapter has been submitted for publication as: McDonough, W.F. and Yoshizaki, T. Terrestrial planet
compositions controlled by accretion disk magnetic field. Both W.F. McDonough and T. Yoshizaki contributed to
the model developments and interpretation of the data. The text was jointly written by W.F. McDonough and T.
Yoshizaki. All figures were created by T. Yoshizaki.
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planets with radial distance. This distribution enhances habitability in our solar system, and
would be equally applicable to exo-planetary systems.
5.1 Introduction
The formation of metallic cores in terrestrial planets greatly influences the thermal and bi-
ological evolution of a planet. Core formation concentrates the heat producing elements (i.e.,
potassium, thorium and uranium) into the insulating, outer silicate shell and produces a conduc-
tive fluid, which can create a planetary magnetic field. The presence of a long-lived, internally
convecting metallic core results in dynamo action and the generation of a planet’s surround-
ing protective magnetosphere that nurtures life. These differentiated planets represent the most
likely home for life and its evolution. Core segregation also controls the distribution of some es-
sential nutrients (e.g., phosphorus) (e.g., 90% of the Earth’s P budget is in the core; McDonough,
2014). The mass fraction of metallic core in Mercury, Venus, Earth, and Mars decreases with
heliocentric distance from about 3/4, to 1/3 (Venus and Earth), to 1/5, respectively (Sohl and
Schubert, 2015). Chondrites, the building blocks of the terrestrial planets, have ≥93% of their
mass and atomic proportion being composed of O, Fe, Mg and Si (e.g., 90% of the Earth’s P
budget is in the core; McDonough, 2014). The abundance of O and Fe in chondrites typically
varies by a factor of three. but in some uncommon Fe-rich examples, it approaches a factor of
eight. In addition, most chondritic meteorites are characterized by their low Fe abundance com-
pared to the solar value (Urey and Craig, 1953; Wood, 2005). What chemical and/or physical
processes produced the large variation observed in Fe/O values in chondrites and the terrestrial
planets, particularly for the dense, metal-rich planet Mercury?
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Given the compositions of the terrestrial planets and chondritic asteroids, there was, on av-
erage, an outward increase in oxygen fugacity during their accretion. Likewise, in space and
time there was also a decrease in nebular condensation temperatures and amounts of metallic
iron contributing to planetary building. We also note that the protoplanetary disk had redox
and temperature gradients that lead to less metallic iron and more H- and O-rich solids (i.e.,
phyllosilicates) outward in the solar system. Importantly, equilibrium nebular condensates do
not reach the high Fe/Si values of Mercury even with strongly reduced, high-temperature condi-
tions (Weidenschilling, 1978; Cameron et al., 1988; Ebel and Alexander, 2011). Thus, further
metal-oxide separation processes, such as a metal-silicate separation within the protoplanetary
disk (Weidenschilling, 1978; Wurm et al., 2013) and post-accretionary mantle stripping by one
or multiple impacts (Benz et al., 1988; Cameron et al., 1988; Asphaug, 2014) are needed to
produce a dense planet like Mercury.
We have organized our presentation as follows: We highlight the relevant physical and chem-
ical attributes of the protoplanetary disk of the solar system (Section 5.2). We present compo-
sitional models for the four terrestrial planets, based upon the available physical and chemical
observations (Section 5.3). We discuss processes in the accretionary disk that have contributed
to shaping planetary compositions (Sections 5.4 and 5.5). Finally, we present conclusions and
recommendations regarding implications for habitability of the planets. We note that the fun-
damental principles for predicting the compositions of the terrestrial planets in our solar system
can also be used for exo-planetary studies of rocky bodies in other solar systems.
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5.2 The protoplanetary disk
The terrestrial planets are the residua of the Sun’s accretion, given the former’s negligible
mass contribution (a few parts per million) to the solar system. Stars and planets form from the
gravitational collapse of a molecular cloud (McKee and Ostriker, 2007). The shared rotational
moments and prograde orbits of the Sun and planets document the solar system’s formation from
a co-rotational, accreting gas-dust cloud (i.e., a protoplanetary disk, or solar nebula). Protoplan-
etary disks are rapidly evolving systems with lifetimes of up to 10 million years (Myr) (Williams
and Cieza, 2011). Many physical and chemical attributes of the disk (i.e., temperature, redox
state, composition, gas and solid density, magnetic field strength) change in both time and space.
The dynamics of these processes help shape the composition of the planets and we highlight here
a few critical variables that have played a role in building the terrestrial planets.
The dust comprising this molecular cloud is conventionally considered to be equivalent in
composition to CI chondrite, the seemingly most primitive undifferentiated meteorite, whose
composition best matches that of the solar photosphere (e.g., Asplund et al., 2009). However,
one cannot simply take this composition to make a planet without considering chemical frac-
tionation accompanying the condensation process, which is well documented in the chondrites
(Larimer and Anders, 1970). The gravitational collapse of the molecular cloud, the rapid inflow
of material onto the star accompanied by outflow of material to conserve the angular momentum,
and the frictional heating of the disk during these processes, collectively produced a high temper-
ature gradient outwards from the Sun (Boss, 1998). Thus, the high temperature state of the inner
collapsing disk vaporized the pre-existing materials, which in turn led to their re-condensing in
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a specific sequence recorded in minerals in chondrites (Larimer and Anders, 1970).
The mineralogical and chemical compositions of the terrestrial planets and chondritic bodies
reflect time-integrated, local nebular conditions during their formation (Figures 5.1 and 5.2).
Chondrites and other meteorites document the spatial compositional heterogeneity in the solar
system (Larimer, 1979; Kerridge, 1979; Warren, 2011). Compositionally-driven models for the
Earth’s accretion conclude that there was a temporal variation in the chemistry of materials
added to the growing planet. Earth’s early accretion (i.e., as much as 60 to 90% of its mass) was
dominated by reduced materials and the remainder by oxidized materials (Wänke, 1981; Rubie
et al., 2011; Dauphas, 2017).
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Figure 5.1. (a) Atomic abundances of major elements and (b) Fe/O values in the solar system
bodies. Data sources: chondrites (Alexander, 2019a,b; McCall, 1968; Ivanova et al., 2008; Gos-
selin and Laul, 1990; Wasson and Kallemeyn, 1990; Bischoff et al., 1993); Mercury (this study);
Earth (McDonough, 2014); Mars (Yoshizaki and McDonough, 2020b).
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Figure 5.2. Ratios of major cations in the terrestrial planets and chondrites. (a) Magnesium/Si versus Al/Si. (b) Abundances of reduced
(metal and sulfide) and oxidized Fe normalized to Si. Data sources are as in Fig. 1 and Urey and Craig (1953). Red symbols identify
the inner solar system, NC chondrites; see text for details.
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A redox gradient in the protoplanetary disk is documented in the chondrites (Righter et al.,
2016). The more reduced, non-carbonaceous (NC) meteorites, including the enstatite and ordi-
nary chondrites (Figure 5.2), come from the inner solar system, closer to the Sun (i.e., inward
of Jupiter’s orbit; Kruijer et al., 2017a). The more oxidized carbonaceous chondrites (CC) and
related meteorites (Figures 5.1 and 5.2) are considered to be from more distal sources, including
the outer asteroid belt (e.g., ≥3 AU), Jupiter’s Trojans, and the Kuiper belt (Kruijer et al., 2017a).
The redox state and a dozen or so isotopic systems now link enstatite chondrites and the Earth
and equally, ordinary chondrites and Mars (Warren, 2011; Dauphas, 2017). The Earth at 1 AU
is more oxidized than the enstatite chondrites, but less so than Mars at 1.5 AU and the ordinary
chondrites (Figure 5.2b).
5.3 Composition of the terrestrial planets
Compositional models for the terrestrial planets are constructed from the following data sets:
composition of the Sun (i.e., >99% mass of the solar system) (Lodders, 2020), chemical trends
for samples from a planet, satellite observations, and compositions of chondritic meteorites (i.e.,
the solar system’s building blocks of undifferentiated rock and metal mixtures) (Wasson and
Kallemeyn, 1988; Alexander, 2019a,b). Importantly, the chondrites that we have, however, are
leftovers from the planetary formation. The bulk compositions of chondrites can be broken down
into main group (i.e., O, Mg, Si, and Fe; ∼93%) and minor group elements (i.e., Al, Ca, S and
Ni) and together they constitute 99% the mass and atomic proportions of all terrestrial planetary
models (Figure 5.1 and Section 5.3).
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Table 5.1. Bulk composition of the terrestrial planets.
atomic% Mercurya Venusa Earthb Marsc CI chondrited
(volatile-free)
O 29.9 49.0 49.0 55.3 48.2
Mg 12.0 16.7 16.7 15.3 15.1
Si 11.7 15.1 15.1 15.1 14.7
Fe 40.1 15.1 15.1 10.3 12.8
Ni 2.19 0.82 0.82 0.57 0.70
Al 1.12 1.56 1.56 1.41 1.20
Ca 0.82 1.13 1.13 1.03 0.88
S 2.27 0.52 0.52 0.92 6.43
Fe/O 1.34 0.31 0.31 0.19 0.27
Fe/Si 3.43 1.00 1.00 0.69 0.87
Mg/Si 1.03 1.11 1.11 1.02 1.03
Al/Si 0.096 0.103 0.103 0.093 0.082
Fe/Al 35.7 9.7 9.7 7.3 10.7
Mg/Al 10.7 10.8 10.8 10.9 12.6
mean Z 17.2 12.7 12.7 11.8 12.6
wt% Mercury Venus Earth Mars CI (volatile-free)
O 13.3 (±2.1) 29.7 29.7 36.3 29.1
Mg 8.12 (±1.3) 15.4 15.4 15.3 13.9
Si 9.11 (±1.0) 16.1 16.1 17.4 15.6
Fe 62.2 (±4.5) 32.0 32.0 27.3 26.9
Ni 3.57 (±0.25) 1.82 1.82 1.36 1.54
Al 0.84 (±0.14) 1.59 1.59 1.56 1.22
Ca 0.91 (±0.15) 1.71 1.71 1.69 1.33
S 2.02 (±1.00) 0.64 0.64 1.21 7.78
Uncompressed ρ 5200 ± 200e 4100e 4200e 3800e 2430f
Metal mass fraction 71/100 (±5) 1/3 1/3 1/5 0
Heliocentric distance (AU) 0.39 0.72 1.00 1.52 >15g
a This study. The ± values (1 standard deviation) are calculated as the differences between
the high and low uncompressed density models.
b McDonough (2014).
c Yoshizaki and McDonough (2020b).
d Alexander (2019a).
e Uncompressed ρ, density, in kg/m3 (Lewis, 1972; Lodders and Fegley, 1998; Stacey, 2005).
f Macke et al. (2011).
g Desch et al. (2018).
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Here we use our earlier compositional models for the Earth (McDonough, 2014) and Mars
(Yoshizaki and McDonough, 2020b) and model the recent data from the MESSENGER mission
toMercury (Margot et al., 2018; Nittler et al., 2018) to predict its bulk composition (Section 5.3),
which is verified to be consistent with known physical and chemical constraints. Given limited
data for Venus, which is consistent with an Earth-like analog (Surkov et al., 1987; Aitta, 2012;
Dumoulin et al., 2017), we assume it has a bulk Earth composition.
5.3.1 Mercury model
The bulk composition (i.e., abundant elements O, Fe, Mg, Si, Ni, Al, Ca and S) of Mercury
was defined to be consistent with its geodetic observables: mass, density, and MOI (moment
of inertia) (Margot et al., 2018), compositional trends for Earth and Mars, and chondritic ratios
showing limited variation (≤ ±10%). We used the density of Mercury and assumed a thermal
gradient in the protoplanetary disk outward from the accreting Sun to constrain the model. Also,
we assume chondritic proportions of Ca/Al (0.73) and Fe/Ni (18.3), which is empirically defined
and reflects condensation conditions in the protoplanetary disk. (Unless otherwise specified,
atomic ratios are reported throughout.)
Given the higher condensation temperature for forsterite (Mg2SiO4) versus enstatite (Mg2Si2O6)
(e.g., Lodders, 2003), we predict a planetary gradient in Mg/Si and Al/Si values from Mercury
to Mars, particularly for the silicate component of the planet (Figure 5.2). The major elements
(Mg, Fe, and Si, plus Ni) have slightly lower condensation temperatures than the refractories
(Ca, Al) and higher than the moderately volatiles (K and S). Prior studies (Larimer, 1979; Ker-
ridge, 1979) have observed that NC chondrites form a distinctive array on the Mg/Si-Al/Si plot
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as compared to CC meteorites (Figure 5.2). Despite the marked variation in Mg/Si and Al/Si
in chondrites, there is only 15% variation in Mg/Al (11.2 ±1.7). Consequently, we assume a
Mg/Al (10.7) value for Mercury, which is comparable to that for Earth and Mars (10.8 ±0.1)
(Figure 5.2).
We calculated Mercury’s core and mantle fractions to be consistent with its uncompressed
density (Section 5.3 and Figure 5.3). The observed Mg# (atomic Mg/(Mg+Fe)) of ∼0.99 for
Mercury’s surface (Nittler et al., 2018) points to the core’s differentiation proceeding under re-
ducing conditions. Thus, some Si was likely added to the core (Nittler et al., 2018). Using the
Fe-Ni-Si composition of kamacite (Fe, Ni alloy) and perryite ((Ni,Fe)8(Si,P)2) in enstatite chon-
drites as a guide, we assume the equivalent metal in Mercury to have Fe/Ni of 18.3, ∼6% atomic
Si, and Ni/Si ∼ 1 (Ringwood, 1961b; Leitch and Smith, 1982; Weisberg and Kimura, 2012).
The contribution of Si from a schreibersite ((Fe,Ni)3P) component is not significant, given its
low Si abundance (≤0.2 wt%) and minor mode proportion (≤1%) observed in type-3 enstatite
chondrites (Weisberg and Kimura, 2012). The mantle is assumed to have a composition that is
approximately that of an orthosilicate (pseudo-olivine), with cations of Mg, Al, Ca, Fe, and Si,
where Ca/Al = 0.73, Mg/Al = 10.7 and Mg# = 0.99 and fitting Si to the remainder.
To model Mercury’s interior we used the average densities of silicates, metals, and sulfides
as 3300, 7100, and 4600 kg m−3, respectively, and obtained a mode proportion of 45.6:47.9:6.4,
respectively. The resulting mass model for Mercury has 29 ± 5% silicate shell and 71 ± 5% core.
This estimate compares favorably with that presented byMargot et al. (2018) for his Preliminary
Reference Mercury Model (PRMM; 74% core and 26% silicate sphere).
Mercury’s sulfur content was based on the planetary volatility trend established from its sur-
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Figure 5.3. Density of the solar system bodies. Uncompressed and solid densities are shown
for terrestrial planets and chondrites (grey), respectively. Bulk planetary densities are shown
for asteroids (blue). For 1 Ceres, its bulk density is a lower limit of its solid density, given its
high ice abundance and porosity. The red line shows a fit curve for the planets (ρ = 4100r−0.21).
Data sources: density of planetary bodies are fromLewis (1972); Britt and Consolmagno (2003);
Stacey (2005); Consolmagno et al. (2006);Macke et al. (2010, 2011); Sierks et al. (2011); Russell
et al. (2012); Park et al. (2019); heliocentric distances of chondrite parent bodies are from Desch
et al. (2018).
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face measured K/Th value (6000 to 8000) (in wt ratio; Nittler et al., 2018) and an extrapolation
to the condensation temperature, following the practice used in McDonough and Sun (1995)
and Yoshizaki and McDonough (2020b). We adopted the 50% condensation temperature of S
in a gas of solar compositionLodders (2003). The major carrier of S in enstatite chondrites and
possibly Mercury is troilite (FeS), which condenses at similar temperatures in both solar-like
and highly reduced redox conditions (Hutson and Ruzicka, 2000; Pasek et al., 2005). We note,
however, that S can become less volatile under highly reducing conditions because of stabiliza-
tion of refractory sulfides such as oldhamite (CaS) and (MgS) and incorporation of refractory
elements (e.g., Ti, Nb) into troilite (Hutson and Ruzicka, 2000; Pasek et al., 2005; Yoshizaki
et al., 2020). We referenced Mercury’s volatile depleted S content to the average depletion fac-
tor of K (i.e., K/Th ∼ 7000; (K)CI− and Al−normalized ∼ 0.38) and assumed that the core contains the
overwhelming proportion of sulfur. Ratios of alkali metals to refractory elements provide an
additional constraint on a planet’s volatile element depletion trend, however, this simple model
can be influenced by redox conditions and core formational processes. We estimate a modest
sulfur content for Mercury of 2.0+1.0
−0.5wt% (cf. Namur et al., 2016; Boujibar et al., 2019).
Mercury has a markedly elevated Fe and Ni abundances relative to its budget of lithophile
elements (e.g., Fe/Al = 35.7, Fe/Si = 3.4, Fe/O = 1.3; Section 5.3) leading to an enrichment
factor of (Fe)CI− and Al−normalized of ∼3.4 (cf., that for Si and Mg is 0.85). In addition, its Mg/Si
(1.03) is approximately CI-like, which is much higher than that for the highly reduced enstatite
chondrites. This result is a product of our modeling approach that matches the planet’s un-
compressed density to the mode of silicate, Fe-Ni-Si metal, and troilite. Predicting Mercury’s
abundances of S and other chalcophile elements is challenging; it is the least volatile depleted
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body of the terrestrial planets (i.e., highest K/Th value). Our prediction of Mercury’s S con-
tent (Figure 5.4) is consistent with either (1) an extension of the volatile depletion trend for the
siderophile elements, and/or (2) Mercury having CI relative abundances for elements with half-
mass condensation temperatures of <1000 K (Krähenbühl et al., 1973; Takahashi et al., 1978;
Braukmüller et al., 2019).
This temperature of 1000K represents a limit. At lower temperatures in a condensing nebula,
depending upon its C/O value, precipitation of MgS and CaS phases begin (Hutson and Ruz-
icka, 2000; Pasek et al., 2005). The consequence of significant CaS fractionation would result
in changes to critical chondritic ratios (e.g., Ca/Al, Ca/Ti, and Al/Ti). Observations from the
orbiting spectrometers on the MESSENGER Mission did not find such unusual ratios (Nittler
et al., 2018). In contrast, chondrules from enstatite chondrites, which contain highly reduced
silicates, are highly fractionated in both Al/Ti and Ca/Al. Above this critical temperature of
1000 K condensation of fosterite and Fe-Ni-Si metal occurs, without accompanying sulfide pre-
cipitation. The result of these conditions is a bulk condensate with a Mg/Si value that is higher
than in enstatite chondrites and Si-enriched metals; these are the features proposed for our model
Mercury composition.
In Table 5.2, we present compositional models for the cores and bulk silicate shells of Mer-
cury, Earth and Mars. The models for the Earth comes fromMcDonough (2014) and Mars from
Yoshizaki and McDonough (2020b). The model for Mercury is based on its bulk compositional
model (Section 5.3, along with the following constraints: (1) Mg, Al, and Ca is solely concen-
trated in the silicate shell, (2) Ni and S is concentrated in the core, (3) the silicate shell’s Mg#
= 0.99, (4) the Si contents of metals in EH chondrites, and (5) Si being partitioned between the
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Figure 5.4. Normalized abundances of the lithophile (blue) and siderophile (red) elements in
the bulk Mercury. Abundances are normalized to Al and CI chondrites and plotted against log
of their 50% condensation temperatures (K) at 10 Pa (see Yoshizaki and McDonough, 2020b).
Volatility trend for Mercury constrains its S content in the core. The predicted S content is
consistent with either an extension of the volatile trend for the siderophile and/or and addition
of CI chondritic volatiles with 50% condensation temperatures <1000 K. See text for details.
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core (35%) and the silicate shell (65%).
5.3.1.1 Implications of the model
Incorporation of silicon, sulfur, and other elements into the Fe-Ni core of Mercury influ-
ences its size, density, and solidus temperature. Lowering the solidus of the core keeps it molten
and convecting, thus providing the critically important conditions for dynamo action and mag-
netosphere generation (Schubert et al., 1988; Tosi et al., 2013). Magnetospheres of terrestrial
planets deflect solar wind particles. This deflection shield is important for a planet’s atmospheric
retention (i.e., losses due to radiation and solar winds), keeping water present at the surface, and
protection of it’s biological habitat (See et al., 2014).
Based on the compositional estimates given in Table 5.2, chondritic ratios of refractory el-
ements, and planetary K/Th values, we have calculated the present-day radiogenic heating rate
(pW kg−1 of silicate rock) and total planetary radiogenic power (TW) according to the method
outlined in (McDonough et al., 2020). The estimated uranium contents of the silicate shells of
Mercury, Earth, and Mars are 27, 20, 18 ppb (10−9 kg/kg). The present-day total radiogenic
heating rate for Mercury is 1.6 times greater than that for the Earth and Mars. This higher heat-
ing rate is due to its smaller and more concentrated silicate shell. Mercury’s silicate shell has
2.0 to 2.5 times the abundances of the radiogenic producing elements as compared to Mars and
the Earth, respectively. However, because of its small fraction of silicate shell, Mercury has the
least amount of total radiogenic power of the terrestrial planets (Table 5.2).
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Table 5.2. Composition of silicate shells and metallic cores
of the terrestrial planets. Values outside and inside parenthe-
ses are in atomic% and wt%, respectively.
Mercurya Earthb Marsc
bulk silicate shell, atomic% (wt%)
O 58.0 (45.5) 58.5 (44.0) 59.3 (43.2)
Mg 23.3 (27.8) 20.0 (22.8) 16.9 (18.7)
Si 14.7 (20.3) 15.9 (21.0) 16.6 (21.3)
Fe 0.18 (0.49) 2.4 (6.3) 4.5 (11.4)
Al 2.2 (2.9) 1.85 (2.35) 1.55 (1.90)
Ca 1.6 (3.1) 1.34 (2.53) 1.13 (2.06)
Mg# 0.99 0.89 0.79
Mg/Si 1.58 (1.37) 1.26 (1.09) 1.01 (0.88)
Al/Si 0.148 (0.142) 0.117 (0.11) 0.0929 (0.089)
Fe/Si 0.0122 (0.024) 0.150 (0.30) 0.269 (0.54)
Silicate mass (kg)d 9.52 × 1022 4.04 × 1024 5.27 × 1023
h (pW kg−1)e 7.8 4.9 4.8
h (TW)e 0.7 20 2.5
core, atomic% (wt%)
O – 6.4 (2.0) 16 (5.2)
Si 8.3 (4.4) 7.3 (4.0) –
Fe 82 (87) 78 (86) 68 (80)
Ni 4.5 (5.0) 4.4 (5.1) 6.0 (7.4)
S 4.6 (2.8) 3.0 (1.9) 9.9 (6.6)
a This study.
b McDonough (2014).
c Yoshizaki and McDonough (2020b).
d Planet masses from https://nssdc.gsfc.nasa.gov/planetary/
factsheet/. Bulk silicate shell fractions are 0.288, 0.676, 0.820 for
Mercury, Earth and Mars, respectively.
e Heat production in the bulk silicate planets are calculated from chon-
dritic (Al/Th)mass = 2.81× 105 and (Th/U)mass = 3.7, planetary (K/Th)mass
= 7000, 3700, 5300 for Mercury, Earth andMars, respectively Peplowski
et al. (2011); Arevalo et al. (2009); Taylor et al. (2006a), and an equation
from McDonough et al. (2020). pW = 10−12 W; TW = 1012 W.
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5.4 Distribution of Fe (and Ni) in the protoplanetary disk
The Fe content of chondrites typically ranges from 1/5 to <1/3 of their total mass, with Fe/Si
typically 0.74 ± 0.12, whereas some rare chondrite groups (i.e., CB, CH, and G types) can have
Fe/Si values up to 8 (Figure 5.2b). Our model for the terrestrial planets have Fe/Si varying from
3.4 to 0.7 fromMercury to Mars (Section 5.3). The ratio of metallic iron to total iron varies from
1 (EH and EL chondrites) to 0 (CI and CM) in the chondrites, whereas the terrestrial planets have
intermediate values (Figure 5.2b and Section 5.3).
The amount of iron accreted by a chondritic parent body or a terrestrial planet is not set
by any particular rule and likewise the same is true for its metal to oxide fraction. A planet’s
mass fraction of metallic core to silicate shell reflects the time-integrate redox condition during
accretion and core-mantle differentiation. Impact-induced erosion/evaporation can also modify
a core’s mass fraction (Cameron et al., 1988). Accretion sets the relative contents of Fe/O, Fe/Si,
Fe/Mg and Mg/Si, which accounts for ∼93% of its mass (Figure 5.1).
Mercury has the largest metallic core fraction, high Fe/Al (35.7) and Mg/Si (1.03) values
(Section 5.3 and Figure 5.2), and a silicate sphere with negligible Fe (i.e., Mg# ∼ 0.99) (Nittler
et al., 2018). By comparison, Mars has a smaller metallic core, a lower Fe/Al (7.3) and Mg/Si
(1.02), and a silicate shell with a low Mg# (0.79) than Mercury and the Earth (9.7, 1.11, and
0.89, respectively) (Section 5.3). Therefore, in relative terms the silicate shells of Mars, Earth
(and Venus), and Mercury get progressively thinner, their cores bigger, and their mantles more
Mg#-rich with decreasing heliocentric distance.
Here we show that the uncompressed densities (Figure 5.3) and mean atomic numbers (Z ,
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Section 5.3) of the terrestrial planets increases inwards with heliocentric distance. These trends
also extend to bodies in the asteroidal belt: undifferentiated and differentiated asteroids are less
dense than the terrestrial planets (Figure 5.3). Most chondrites have sub-solar Fe/Si (Figure 5.2b)
and show a marked variation in Fe/Si and metallic iron content. Thus, the outward decrease of
planetary density appears to primarily reflect dynamic metal-oxide separation in the protoplan-
etary disk, rather than post-accretionary processes.
5.5 Processes in the protoplanetary disk
Significantly, condensing iron-nickel grains, and other metallic alloys, in the protoplanetary
disk are distinctly influenced by aerodynamic, gravitational, photophoretic, and electromagnetic
sorting forces, compared to silicates (Larimer and Anders, 1970; Weidenschilling, 1978; Wurm
et al., 2013; Kruss and Wurm, 2018). We highlight electromagnetic separation of magnetized
micro-particles of Fe-Ni alloys (existing below their Curie point with a stable magnetic spin)
from silicates (Harris and Tozer, 1967; Larimer and Anders, 1970) coupled with metal-oxide
separation during chondrule formation as being effective segregation processes (Connolly et al.,
2001). Recently, Wurm et al. (2013) also observed that photophoretic separation enhances a
metal-silicate fractionation. Thus, these physical fractionation processes likely occurred in the
protoplanetary disk and may well explain the observed variations in Fe/O, Fe/Si, and Fe/Mg in
chondrites and terrestrial planets. The degree of inward enrichment of magnetic micro-particles
in the protoplanetary disk appears to scale radially with its magnetic field strength.
Paleomagnetic measurements of meteorites and their inclusions provide unique constraints
on spatial and temporal changes of the magnetic field in the protoplanetary disk. Meteoritic
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records indicate the magnetic field intensity of ∼50 µT at 2.5 AU and ∼2 Myr after the solar
system initiation (t0) (Fu et al., 2014), whereas at 3–4 Myr after t0, it weakens to <20 µT at 3–4
AU (Cournede et al., 2015; Desch et al., 2018). Finally, the nebular gas and thus its magnetic
field deceased at ∼4 Myr after t0, as recorded by the volcanic achondrite angrite (Wang et al.,
2017). These observations document a decrease in the nebular magnetic field strength with
increasing heliocentric distance and time after t0.
The terrestrial planets formed closer to the Sun compared to these meteorites and their com-
ponents, given their present-day distributions. Chronological studies of planetary materials and
planetary accretion models indicate that Earth and Mars grew rapidly within the first 2 Myr after
t0, although their final accretion continued for more than 10 Myr (Kleine et al., 2009; Dauphas
and Pourmand, 2011). Early, rapid growth of the inner rocky planets is envisaged at locations
closer to the Sun compared to meteorites and their constituents. Thus, it is likely that terres-
trial planets formed under a stronger solar magnetic field compared to outer, younger meteoritic
materials.
We show a correlation between the metallic core fraction and heliocentric distance for the
terrestrial planets (Figure 5.3). This trend is interpreted as resulting from spatial and tempo-
ral decays of magnetic field strength in the protoplanetary disk, which is consistent with pale-
omagnetic intensities recorded in meteorites (Bryson et al., 2020; Fu et al., 2020), magneto-
hydrodynamic (MHD) disk models (Bai, 2015), and a simple Biot-Savart law that describes a






where B is magnetic flux density (Tesla, or kg s−2 A−1) of a magnetic field source (i.e., proto-
Sun), µ0 is the magnetic constant (H m−1 or N A−2), I is current (A), r is position in a 3D-space
(m) (Figure 5.5). Azimuthal magnetic fields are likely to be strongest in the disk midplane
(Wardle, 2007), the site of planetary accretion. Our perspective here is to simply test a set
of average conditions for the midplane of the disk at 4 critical distances: Mercury (500 µT,
assumes a saturation field; Levy, 1978), Earth (100 µT;Wardle, 2007), and Vesta (∼50 µT;Wang
et al., 2017)), with interpolations for Mars (60 µT). This simple model (Figure 5.5) appeals to a
fundamental scaling relationship (B ∝ r−1.3) that views the magnetic field strength at the disk’s
midplane decreasing with distance from the central current moment of the evolving Sun. MHD
modeling predicts B ∝ r−1.6 (Wardle, 2007; Bai, 2015). The magnetic field strength of the disk
at ∼1 AU is proposed to be approximately sub-equal in its horizontal and vertical components
and increasing significantly towards the disk’s center (Wardle, 2007).
Kruss and Wurm (2018) suggested the enhanced growth of iron-rich planetesimals in the
inner region of protoplanetary disks leads to an iron gradient in the solar system. A corollary of
this model is that planetary migration in the inner solar system did not disrupt this final result
and that the Fe content can help us figure out where and when an object formed.
Nebular gas carries the magnetic field in the protoplanetary disk. Metal-silicate segregation
by solar magnetic forces is only effective before nebular gas dissipation (Kruss andWurm, 2020;
Wang et al., 2017). Mercury’s formation under reduced conditions in the presence of a gas disk
with a strong magnetic field implies a τaccretion age that is restricted to when a nebular envelope
existed. Accretion in the presence of nebular gas is consistent with pebble accretion models
of planetary formation, which may have contributed to the early formation of Mars and the iron
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Figure 5.5. A simple Biot-Savart type model for the average magnetic field strength versus
accretion position of the terrestrial planets in the protoplanetary disk. A top x-axis shows the
correlation between uncompressed density and heliocentric distance. See text for details and
data. A prediction for Venus is shown with a bar; its uncompressed density is 4100 kg m−3
(Lewis, 1972; Stacey, 2005).
meteorite parent bodies (Johansen et al., 2015b). Therefore, a key implication of our model is an
early formation age (∼2 Myr) for Mercury, comparable to that of Mars (Dauphas and Pourmand,
2011; Yoshizaki and McDonough, 2020a). Furthermore, our model does not require a giant
impact event and partial loss of its silicate shell for the origin of Mercury’s large core (Benz
et al., 2007; Asphaug and Reufer, 2014).
5.6 Conclusions
We have developed compositional models for the terrestrial planets that takes note of their
chemical differences as a function of their heliocentric positions. The presence and size of their
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metallic cores depends on the redox environment in the protoplanetary disk and the planet’s mass
fraction of accreted metal alloys, the latter of which is controlled by electromagnetic processing
in the disk. We use the measured K/Th values of the terrestrial planets to estimate its volatile el-
ement inventory (e.g., bulk sulfur content). The redox condition during core formation, controls
the identity and amount of light elements in the core (e.g., S, Si, O, etc.). These light elements
significantly lower the core’s solidus and extends its molten-state lifetime. Collectively, these
factors contribute to convection in a molten core and dynamo action.
These attributes of our solar system would be equally applicable to exo-planetary systems.
The generation of a planetary magnetosphere, which nurtures life, shapes a planet’s habitability.
It is likely that life’s sustainability critically depends on being sited in the Goldilocks zone and
having the right amount ofmetallic core, which contains an appropriate amount of a light element
and is not cooling too fast.
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Chapter 6
Conclusions and future perspectives1
6.1 Summary of conclusions
This thesis discussed chemical composition and formation history of the terrestrial planets
and their building blocks, based on cosmo- and geochemical and geophysical perspectives. Here
I summarize the key take-home messages of the studies presented in this thesis.
6.1.1 Refractory lithophile element ratios do not remain constant under highly
reduced conditions
The constant RLE (refractory lithophile elements: e.g., Ca, Al, REE) ratio rule, which doc-
uments invariable "chondritic" ratios of RLE among solar system bodies, has been used as one
of the fundamental concepts of compositional modeling of terrestrial planets. Chapter 2 inves-
tigated how constant these ratios are among planetary building blocks preserved in primitive
chondritic meteorites. In particular, I focused on changes in behaviors of RLE under highly
reducing conditions. In-situ trace element analyses of individual components (chondrules and
sulfides) of highly reduced, primitive enstatite chondrites revealed different chalcophile affini-
1The text in this chapter was written by T. Yoshizaki.
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ties of RLE under highly reduced protoplanetary disk conditions. I showed that different relative
chalcophilities of RLE under highly reducing nebular environments can lead variable RLE ratios
of planetary building blocks. I concluded that a caution is needed in estimating relative abun-
dances of RLE in terrestrial planets which have incorporated highly reduced materials (e.g.,
Mercury, Earth, and possibly Venus).
6.1.2 Mars is systematically depleted inmoderately volatile elements as a func-
tion of their volatilities
Comparative studies of observable properties of terrestrial planets (e.g., atmosphere, geodesy,
surface geology and geochemistry) have provided important insights into their natures and evo-
lutionary processes. The comparative studies of chemistry of interiors of terrestrial planets can
reveal fundamental aspects of their evolution histories. However, since these approaches have
considered only limited sets of elements, mostly volatile ones, the origin and nature of the plane-
tary building blocks remained unconstrained. In order to enable a detailed comparison of larger
numbers of elements in planets, Chapter 3 proposed a new compositional model forMars for>75
elements based on data from martian meteorites and spacecraft observations. The new martian
mantle model showed that the abundances of moderately volatile lithophile elements in Mars
decrease as a function of their condensation temperatures. This depletion trend, combined with
abundances of siderophile and chalcophile elements in the martian mantle and thermodynamic
and geodetic modeling, constraints the composition of martian metallic core. I proposed much
smaller size and S abundance for the martian core compared to previous estimates. I also showed
that H and O can be additional light elements in the martian core.
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6.1.3 Chondrules are dominant building blocks of terrestrial planets
Chondritic meteorites are less depleted inmoderately volatile elements as compared to Earth,
which lead several previous studies to conclude that the Earth’s building blocks are not in our me-
teorite collection. There remain two fundamental questions: (1) why are these bodies depleted
in moderately volatile elements? and (2) why Earth and chondrites show different degrees of
depletion? The new compositional model for Mars described in Chapter 3 showed that Mars is
also depleted in moderately volatile elements compared to chondritic meteorites, but less so as
compared to Earth. The aim of Chapter 4 was to identify similarities and differences of chemical
composition of Earth, Mars, and chondritic meteorites and their components, to reveal origin and
accretion histories of these bodies. I showed that the depletion of moderately volatile elements
in rocky planets is established by nebular chemical fractionation, rather than post-accretionary
processes such as impact-induced evaporative loss. I found that chondrules from carbonaceous
chondrites, not the bulk chondritic rocks (i.e., chondrules + matrices + refractory inclusions +
metals + sulfides), show similar degrees of moderately volatile element depletion. In addition,
I pointed out that chondrites contain larger amounts of chondrules are more depleted in these
elements. Based on these findings and the pebble accretion model of planetary formation, which
predict a positive correlation between sizes of planetary bodies and accreting particles, I pro-
posed that terrestrial planets accreted larger fractions of chondrules than chondritic asteroids. I
concluded that chondrule/matrix ratio of planetary bodies, which is controlled by the body size,
resulted in distinct volatile abundances in rocky planets and chondritic asteroids. The relation-
ship between planetary size and its volatile depletion suggests a Mars-like composition for the
Moon-forming, Mars-sized giant impactor and present-day Earth-like volatile abundance for the
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proto-Earth.
6.1.4 Density gradient among the rocky solar system bodiesmight be produced
by the nebular magnetic field
The origin of a large metallic core (i.e., high metal/silicate ratio) of Mercury remains elusive.
Both pre-accretionary disk processes and post-accretionary impacts have been proposed as pos-
sible mechanisms. In addition, the origin of metallic Fe depletion in major chondritic meteorites
also remains to be unconstrained. In Chapter 5, I showed that uncompressed or grain densities of
solar system bodies decrease as a function of heliocentric distance. The observed trend indicates
that the metal enrichment in Mercury and depletion in chondritic materials are produced by a
similar process that was effective for more than several astronomical units in the protoplanetary
disk. Based on this point, I proposed that the nebular magnetic field played an important role in
establishing the amounts of metallic Fe in planets. The size and composition of metallic core,
which is critical in generating a planetary geodynamo and thus a planetary habitability, might
have been controlled by a chemical and physical fractionation processes occurred within a first
few years of the solar system history.
6.2 Future perspectives
While the results presented in this thesis provide multiple new insights into the origin and
present-day state of terrestrial planets, there is much to be obtained by future works of a broad
field of planetary and space science. In this section, I summarize my outlook for a future re-
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search.
6.2.1 Redox-dependent changes of volatility of elements
Volatilities of elements are fundamental aspects in cosmochemistry (Section 1.6.2). Rela-
tive volatilities of elements and their abundances in planetary materials have provided useful
insights into the high-temperature processes within the protoplanetary disk. In Chapter 2, I re-
ported that geochemical behaviors (i.e., lithophile, siderophile, and chalcophile; Section 1.6.3)
of RLE might change depending on a redox state of the system. The redox state can also change
relative volatilities of elements. For example, in highly reduced enstatite chondrites, Ti, Nb and
V are hosted in troilites, whereas Ca, Y and REE are enriched in oldhamites. Since oldhamite
condenses at ∼500 K higher than troilite under highly reduced conditions (Hutson and Ruzicka,
2000; Pasek et al., 2005), the troilite-loving elements might be less refractory than oldhamite-
loving RLE. To the author’s knowledge, there is no thermodynamic calculation which investi-
gated behavior of both oldhamite- and troilite-loving RLE under highly reduced conditions. It
is worth to note that under less reduced, solar-like redox condition, the troilite-loving elements
(Ti, Nb, and V) have lower 50% Tc compared to most of the oldhamite-loving ones (Lodders,
2003; Wood et al., 2019).
Redox-dependent changes in volatilities ofmoderately volatile elements should also be inves-
tigated by future works. The MESSENGER mission revealed a high K/Th (i.e., a ratio of mod-
erately volatile element to refractory one with similar incompatibilities) ratio in the Mercury’s
surface, and thus the bulk Mercury (Peplowski et al., 2011). Since the K can be easily lost by
evaporation during high-temperature heating events (e.g., giant impact), Peplowski et al. (2011)
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concluded that such processes can be excluded as the origin of Mercury’s high core/mantle ratio.
This suggestion is further supported by chondritic Cl/K ratio of the Mercury’s surface (Evans
et al., 2015). Alternatively, McCubbin et al. (2012) argued that the Mercury’s high K/Th value
reflects an incorporation of Th into the Mercury’s core.
As I mentioned above, redox condition might also change relative volatilities of elements in
addition to their phase affinities (i.e., geochemical behaviors). This possibility brings us an im-
portant question: Does K remain to be a moderately volatile element even under highly reduced
conditions like the Mercury’s surface and interior? Ebel and Sack (2013) suggested that K and
Cl can become refractory under reducing conditions, based on thermodynamic modeling of a
stability field of K- and Cl-bearing sulfide djerfisherite, K6(Fe,Ni,Cu)25S26Cl, a major carrier of
K in enstatite chondrites (Keil, 1968). If K became less volatile under reducing conditions, the
post-accretionary extreme heating scenario for Mercury cannot be excluded based on a direct
comparison of highly reduced Mercury’s K/Th ratio with those of less reduced bodies such as
Earth and Mars.
Similarly, volatilities of other nominally moderately volatile elements such as S might also
be important when estimating chemical composition of highly reduced, differentiated bodies
(Chapter 5). Further experimental and theoretical efforts on volatilities of elements under highly
reduced conditions will offer important insights into chemical fractionation in the protoplanetary
disk and chemical composition of highly reduced bodies.
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6.2.2 Volatility trends for lithophile, siderophile, and chalcophile elements
In themantles of Earth andMars, lithophile elements with higher volatility show larger deple-
tion as compared to the CI chondritic composition (Chapters 3 and 4; Sun, 1982; McDonough
and Sun, 1995; Palme and O’Neill, 2014; Yoshizaki and McDonough, 2020b). Compared to
such volatility trends defined by lithophile elements, siderophile and chalcophile elements show
further depletion in planetary mantles due to the formation of a metallic core. Compositional
models of the metallic cores of Earth (McDonough, 2014) and Mars (Chapter 3; Yoshizaki and
McDonough, 2020b) estimated abundances of non-lithophile elements in the bulk planet and its
core based on the deviations of siderophile and chalcophile elements from the lithophiles with
similar volatilities.
Basically, this method used to estimate the planetary bulk and core compositions (Chap-
ter 3; McDonough, 2014; Yoshizaki and McDonough, 2020b) considers that lithophile and non-
lithophile elements are plotted on a single volatility trend for the bulk planetary compositions.
However, it remains unknown if this assumption is valid. In chondritic meteorites, lithophile
and siderophile elements are generally hosted in separate components (chondrules and matrix,
respectively). The variable Fe/Si ratios of chondrites indicate a separation of chondrules and
metallic components in the protoplanetary disk before their accretion to planetesimals (Chap-
ter 5). Likewise, the high density of Mercury documents that its bulk Fe/Si is much higher than
the CI ratio. These compositional properties of chondrites and terrestrial planets exhibit a fun-
damental question: Did silicates and metallic components accreted to form planetesimals and
planets have similar volatile depletion?
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There is clear evidence for a distinct abundance of volatile elements with different geochem-
ical affinities in chondritic asteroids. Figures 2 and S1 in Alexander (2019b) show abundances
of lithophile, siderophile, and chalcophile elements in bulk ordinary chondrites, which contain
various amounts of metallic components (H, L, and LL in the order of decreasing metal abun-
dance). In all types of ordinary chondrites, lithophile elements show CI-like relative abundance
(1.3–1.4 × CI), with generally no clear depletion of moderately volatile elements. On the other
hand, siderophile and chalcophile elements with higher volatilities show larger depletion from
the CI value, establishing clear volatility trends. These observations indicate that silicates and
metallic phases preserved in ordinary chondrites have originated in distinct high-temperature
processes in the protoplanetary disk before their accretion to planetesimals.
In addition to volatile elements, abundances of refractory lithophile and siderophile elements
are also distinct in bulk ordinary chondrites, especially those with lower metal abundances (L
and LL). These observations document a distinct high-temperature processes formed silicates
and metallic materials preserved in these meteorites before the planetary accretion. Therefore, it
should be noted that the planetary core compositions cannot be determined based solely on the
abundances of lithophile elements in the planet. Future models of the planetary accretion should
investigate possible variations in relative abundances of lithophile, siderophile, and chalcophile
elements in the planetary embryos (e.g., Wang et al., 2021).
6.2.3 Shapes of depletion pattern of volatile elements
The abundances of volatile and moderately volatile elements in planetary bodies provide
important constraints on the nature of their building blocks and the history of planetary accretion
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and differentiation. The volatility trends of planets defined by lithophile elements have been used
inmodeling planetary budget of siderophile and chalcophile elements, including some important
core-forming elements (e.g., S) that are critical in producing planetary geodynamo.
The shape of volatility trends of planets become less clear for elements with higher volatilities
(50% Tc < 900 K), partly due to uncertainties in both abundances of these elements in plane-
tary and chondritic bodies (Clay et al., 2017; Braukmüller et al., 2018; Fegley et al., 2020) and
their condensation temperatures (Lodders, 2003; Wood et al., 2019). It has been suggested that
elements with 50% Tc < 750 K show constant CI-normalized abundance in chondrites (Taka-
hashi et al., 1978; Krähenbühl et al., 1973; Braukmüller et al., 2018). These works proposed a
hockey-stick pattern of volatile depletion in planets and carbonaceous chondrites. However, as I
described in Section 4.2.4, the shape of volatile depletion pattern can be significantly changed by
use of different CI abundances of elements (e.g., halogens; Clay et al., 2017; Fegley et al., 2020)
and condensation temperatures (Lodders, 2003; Wood et al., 2019). Thus, it is fair to leave the
shape of volatile depletion pattern as an open question for a future research.
I note that the chondrule-rich planetary accretion scenario proposed in Chapter 4 predicts
an accretion of 10–30% CI-like materials to Earth based on the terrestrial moderately volatile
element abundance (e.g., K, Rb and Na), which is in harmony with the estimate by a hockey-stick
pattern models (e.g., Braukmüller et al., 2019) that is established based on abundances of more
volatile elements.
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6.2.4 Origin and relationship of accretionary disk materials
The chondrule-rich accretion scenario (Chapter 4) considers an accretion of volatile-depleted
chondrules and fine-grained matrices with CI-like (i.e., volatile-undepleted) composition. How-
ever, it remains controversial if matrix materials have CI-like composition or not: several studies
argued that there is a chemical complementarity between chondrule and matrix, and thus matrix
is chemically fractionated from CI (Hezel and Palme, 2010; Palme et al., 2015; Hezel et al.,
2018a), whereas others consider that elements are in CI abundance in the matrix (Zanda et al.,
2018; van Kooten et al., 2019). Since in general the average matrix composition is consistent
with the CI value within ±10%, I note that the chondrule-rich accretionary scenario would not
be largely affected whether there is the chondrule-matrix complementarity or not.
To test the chondrule-rich scenario presented in Chapter 4, further constraints on nature, ori-
gin, and relationships of chondritic components are needed. Precise measurements of chemical
and isotopic compositions of chondritic matrix will provide keys to answer these questions. In
addition to matrix materials, mineralogical, isotopic, and theoretical studies of fine-grained rims
on chondrules (e.g., Zolensky et al., 1993; Güttler et al., 2010; Bland et al., 2011; Liffman, 2019)
might also be an important topic in future works.
Relationships between chondrules (i.e., silicates) and metallic phases are also important to
better constrain planetary compositions and accretion processes. Although petrology of chon-
dritic meteorites show clear evidence for a separate occurrence of chondrules and metals in the
accretionary disk (Skinner and Leenhouts, 1993; Kuebler et al., 1999; Schneider et al., 2003), it
remains unknown if they were separated before (Kuebler et al., 1999; Wurm et al., 2013; Kruss
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and Wurm, 2020) and/or during (e.g., Grossman and Wasson, 1985; Zanda et al., 1994; McCoy
et al., 1999; Connolly et al., 2001; Uesugi et al., 2008; Pringle et al., 2017; van Kooten and
Moynier, 2019) the chondrule formation events. In Chapter 2, I concluded that EL chondrules
might not have lost sulfides during their transient heating events in the accretionary disk. Future
theoretical and experimental approaches to document behavior of silicate and metal before the
planetesimal accretion within the protoplanetary disk will offer useful insights onto the origin
of variable metal/silicate ratios of the solar system bodies (Chapter 5).
6.2.5 Accretion process of protoplanetary disk materials
In Chapter 4, I proposed that size-dependent particle sorting during planetary accretion (Jo-
hansen et al., 2015a,b) might have resulted in different chondrule/matrix ratio, and thus distinct
volatile abundances of chondritic asteroids and possibly terrestrial planets. Relationship between
particle size and accreting body size remains to be largely unconstrained, and further theoretical
studies on this point are needed. Future investigations of this relationship potentially provide a
key to establish a planetary formation theory that can relate cosmochemical and astrophysical
perspectives.
6.2.6 Evolution of volatile element abundances in the protoplanetary disk ma-
terials
Earth and Mars are isotopically close to NC-group chondrites (enstatite and ordinary chon-
drites), but they are distinct in moderately volatile element abundances, with planets being de-
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pleted in moderately volatile elements (MVE) and NC chondrites are not (Chapter 4). Similarly,
chondrules from NC chondrites do not show MVE depletion. Thus, it is clear that chemically
distinct from the rocky planets. Carbonaceous chondrites are depleted in MVE, but at smaller
degrees compared to planets, whereas chondrules from CC chondrites show larger, planet-like
MVE depletion.
As discussed in Chapter 4, the distinctMVE abundance in planets, andNC- andCC-chondrules
might reflect differences in condensation temperatures of their building blocks and different for-
mation history. The latter scenario proposes that NC chondrules have remained within the pro-
toplanetary disk for a longer duration than "planetary chondrules", in which multiple chondrule
recycling events and addition of volatile-rich materials had occurred (Schiller et al., 2018, 2020;
Mahan et al., 2018b). To test this scenario, more studies are needed on the relationship between
absolute ages and compositions of NC chondrules (Mahan et al., 2018a; Bollard et al., 2019).
In addition, this model invokes smaller numbers of recycle events in the distant regions, in
order to explain the MVE depletion in CC chondrules, which have remained in the protoplan-
etary disk for several million years (e.g., Amelin and Krot, 2007; Connelly et al., 2008, 2012;
Kita and Ushikubo, 2012). Quantitative evaluation of the frequency of chondrule formation and
recycle based on theoretical models and meteoritic studies (e.g., investigations of relict grains
inside chondrules, chondrule rims, and compound chondrules) will provide useful tests for this
scenario. In addition, a sunward transport mechanism of the outer solar system materials and
their size and composition (e.g., matrix-like or not) remains to be opened to further theoretical
and observational studies (e.g., Picogna and Kley, 2015; Andrews et al., 2016).
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6.2.7 Parent body size of chondrites
In Chapter 4, I suggested that the planetary size and its MVE abundance might be negatively
correlated among terrestrial planets and carbonaceous asteroids. This argument is based on
distinct size of three bodies: Earth, Mars, and chondrite parent asteroids, which will be further
tested by considering relative size of chondrite parent bodies.
Quantitative estimation of sizes of parent bodies of each chondrite group remains to be dif-
ficult, but their relative size can be indirectly evaluated by petrological, isotopic, and paleomag-
netic studies of their samples. Importantly, thermal history of planetary materials is largely in-
fluenced by planetary sizes: larger bodies have higher accretional and radiogenic energies, and
consequently their materials can reach higher temperature (Ghosh and McSween, 1998; Mc-
Sween et al., 2002; Hevey and Sanders, 2006). Thus, the peak temperature records of planetary
materials can provide constraints on their parent body sizes.
For example, CV chondrites are mineralogically, chemically, and isotopically related to
highly metamorphosed CK chondrites and some achondrites (Irving et al., 2004; Schoenbeck
et al., 2006; Greenwood et al., 2010) (cf. Dunn et al., 2016; Yin and Sanborn, 2019). Unmeta-
morphosed CV chondrites sometimes contain CV-like achondritic clasts, providing additional
evidence for the partial melting of the CV parent body (Kennedy and Hutcheon, 1992; Libourel
and Chaussidon, 2011; Jogo et al., 2012). Furthermore, CV chondrites record paleomagnetic
evidence for magnetic field production by convecting metallic core in their parent body (Car-
porzen et al., 2011; Gattacceca et al., 2016; Shah et al., 2017). CR chondrites include highly
metamorphosed samples with petrological type ≥6 and chemically and isotopically related to
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basaltic achondrites (Floss et al., 2005; Trinquier et al., 2007, 2009; Qin et al., 2010; Wittke
et al., 2011). These observations indicate a partial differentiation of CV and CR parent bodies.
In contrast, no clear evidence for partial melting of parent bodies of other major carbona-
ceous chondrites, CO, CM and CI, has been reported so far. Mineralogy and organic chemistry
of some CO chondrites correspond to petrologic types of up to 3.7, suggesting that they have
experienced thermal metamorphism on their parent body (Russell et al., 1998; Chizmadia et al.,
2002; Bonal et al., 2007; Cloutis et al., 2012; Rubin and Li, 2019). There are some CM- and
CI-like chondrites that show records of a significant thermal metamorphism after their aqueous
alteration (sometimes termed CY chondrites; Ikeda, 1992; King et al., 2019), but mostly at much
lower degree as compared to CV, CR and CO (Akai, 1988; Ikeda, 1992; Nakamura, 2005; Tonui
et al., 2014; King et al., 2019). CM chondrites record a weak remnant magnetic field (Cournede
et al., 2015), but thermal modeling of the CM parent body by Bryson et al. (2019) suggested that
it records the nebular magnetic field rather than the internal dynamo process. Furthermore, no
achondritic meteorite has been isotopically related to CO, CM nor CI chondrites (e.g., Warren,
2011; Ebert et al., 2019; Greenwood et al., 2020).
These observations indicate that parent bodies of CM and CI were smaller than those for CV
and CR chondrites. This trend is consistent with the relationship between planetary size and its
volatile abundance proposed in Chapter 4. What remains problematic and less constrained is the
parent body size of CO chondrites. Further measurements of remnant magnetic fields, investiga-
tions of isotopic relationships between chondrites and achondrites are critical in understanding
relationships between planetary body size and its composition.
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6.2.8 Variation in refractory lithophile element ratios among solar system bod-
ies
Chapter 2 of this thesis showed that relative abundances of refractory lithophile elements
can be variable among rocky bodies in the solar system, especially those with highly reduced
redox states. As I pointed out in Chapter 2, models of Mercury’s interior, especially a thickness
of a sulfide layer at the core-mantle boundary, can be highly variable depending on which Al/Ti
ratio is taken as the Mercury’s bulk value.
The surface compositional measurements by the MESSENGER mission mostly focused on
the Mercury’s northern hemisphere, and it acquired limited, poor-spatial resolution data for the
southern hemisphere. One of the major scientific aim of the ongoing ESA/JAXA’s BepiColombo
mission is to acquire compositional data that complement the MESSENGER’s measurements
(McNutt et al., 2018). The surface compositional data from the BepiColombo spacecraft will
provide fundamental insights into future models of the composition of Mercury. These future
models should also take into account the RLE fractionation in the planetary building blocks
under highly reduced conditions.
In addition, further precise measurements of abundances of refractory lithophile elements
in various types of planetary materials (chondrites and their components, and achondrites) will
be important to better understand variations and uncertainties in "chondritic" ratios of these ele-
ments. Lithophile element composition of silicates and sulfides from highly reduced meteorites
such as aubrites might be of a particular interest.
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6.2.9 Solar system abundance of elements
The chemical composition of solar system bodies are generally similar to the Sun, which
possesses >99% of a mass of the solar system. Thus, precise determination of the elemental
abundances in the Sun is critical to evaluate compositional similarities and differences between
the Sun and rocky planets, and to clarify planetary formation processes.
The elemental abundance of the Sun remains to be an open problem in solar physics. The
solar metallicity problem documents discrepancies between the solar elemental abundances es-
timated by spectroscopic observations of the solar photosphere and helioseismology, where the
former prefer 30–40% lower solar metallicity compared to the latter (Basu and Antia, 2008b;
Serenelli et al., 2009; Haxton et al., 2013; Bergemann and Serenelli, 2014). Recent observa-
tions of the composition of solar wind particles (Schmelz et al., 2012), measurements of the
solar neutrino flux (Haxton et al., 2013; Agostini et al., 2018, 2020), and experiments on opacity
of metals in high temperature plasma (Bailey et al., 2015; Nagayama et al., 2019) generally sup-
ports data from helioseismology. Future developments of solar particle measurements may also
significantly contribute to reveal distribution of elements within the Sun (Agostini et al., 2020;
Jaeckel and Thormaehlen, 2019).
The relationships between planets and their host stars should further be investigated in future
works. Importantly, the Sun in our solar system is depleted in refractory elements compared to
other Sun-like stars, possibly because of formation of refractory-rich planets, especially rocky
ones (Melendez et al., 2009; Ramírez et al., 2010; Schuler et al., 2011) (cf. Hernández et al.,
2010). Further astronomical observation studies on relationships between planets and their host
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star and effects of planetary formation on the stellar elemental abundance (e.g., Melendez et al.,
2009; Ramírez et al., 2010; Thiabaud et al., 2015; Teske et al., 2019) will improve our knowledge
on processes and conditions of the planetary formation.
6.2.10 Space missions
Detailed investigations and precise chemical and physical analyses of planetary materials,
whichwe collected asmeteoritic materials or by planetary sample returnmissions, have provided
significant constraints on nature and history of their parent bodies. In particular, the sample
returnmissions to the various solar system bodies can provide important opportunities to directly
obtain samples from identified bodies including whose materials are very rare or absent on the
Earth’s surface. As of the end of 2020, various solar system materials have been returned to
Earth: the Earth’s Moon (a series of Apollo missions; Vaniman et al., 1991; Qian et al., 2018),
the comet 81P/Wild2 (the Stardust mission; Brownlee, 2014), solar wind (the Genesis mission;
Burnett, 2013), and near-Earth asteroids (25143) Itokawa (the Hayabusa mission; Yoshikawa
et al., 2015) and (162173) Ryugu (Hayabusa2; Yoshikawa et al., 2015; Morota et al., 2020). In
addition, there are multiple missions in progress or pending launch, such as the OSIRIS-REx
mission to the near-Earth asteroid (101955) Bennu (Lauretta et al., 2017; Bierhaus et al., 2018),
the MMX mission to the martian moon Phobos (Usui et al., 2020), and the Psyche mission to
metal asteroid 16 Psyche (Elkins-Tanton et al., 2020).
Although the number of samples from outside of the Earth’s orbit is continuously increas-
ing, there is no planetary material that is identified to be originated in inside of the Earth’s orbit.
The lack of rock samples from Venus and Mercury, two planets orbiting between the Sun and
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Earth, leaves their present-day status and formation history unconstrained. Dynamical simula-
tions suggest that rocks from Mercury or Venus can reach to the Earth’s surface (Gladman and
Coffey, 2009), but at much lower frequencies compared to martian meteorites. These problems
call for future sample returns missions to Mercury and Venus. There are several plans for such
spacecraft missions, but there remain multiple technical issues to overcome (McNutt et al., 2018;
Greenwood and Anand, 2020). Future direct sampling of mercurian and venusian samples will
furnish our knowledge on similarities and differences among inner rocky planets and their origin.
6.2.11 Exoplanets
Astronomical observations of exoplanetary systems also provide important insights into a
comparative view on planetary compositions. The mass and radius of exoplanets are useful
indicators of their compositions (i.e., a mixing ratio of gas, water, oxide, and metal), whereas
these parameters cannot find a unique composition (Seager et al., 2007; Dorn et al., 2015; Zeng
et al., 2016, 2019). Alternatively, compositions of extrasolar planets can be constrained more
directly based on abundances of elements in the atmosphere of "polluted" white dwarfs (e.g.,
Jura and Young, 2014).
White dwarfs are remnant cores of Sun-like stars that run out of their nuclear fuel and ex-
pelled their outer layers. Typical white dwarfs are more than 105 times denser than our Sun.
Therefore, heavy elements in the surface layer of white dwarfs rapidly sink into the interior on
timescales of days to million years, leaving an atmosphere dominated by light elements (mostly
H and He) (Althaus et al., 2010). However, up to half of white dwarfs show spectral lines of
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heavier elements, indicating that their envelope was "polluted" by recent accretion of extrasolar
planetesimals and possibly planets (Jura, 2003; Zuckerman et al., 2003; Jura et al., 2009; Jura
and Young, 2014; Harrison et al., 2018, 2021; Kaiser et al., 2020). Thus, heavy element abun-
dances inferred from the white dwarf spectra can be used to estimate chemical compositions of
extrasolar planetary bodies.
Currently, more than 200 polluted white dwarfs have been identified (Hollands et al., 2017),
allowing comparative studies of exoplanetary properties including their oxygen fugacity (Doyle
et al., 2019) and post-accretionary evaporation of moderately volatile elements (Harrison et al.,
2021). Future advances in investigations of the white dwarf pollution will offer unique oppor-
tunities to discuss compositional similarities and differences among planets in our solar system
and extrasolar systems. The composition and formation history of terrestrial planets in our solar
system discussed in this thesis provide fundamental reference points in the study of exoplanets.
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Appendix A
Supplementary materials of Chapter 2
A.1 Introduction
The supporting information contain details of mineralogy and trace element composition
of refractory inclusions from CV chondrites, supplementary figures and tables, a full list of
literature data sources, and preliminary results of solution ICP-MS analyses of bulk enstatite
chondrites.
A.2 Mineralogy and trace element chemistry of refractory inclusions from
CV chondrites
Herewe describemineralogy and chemistry of refractory inclusions (three CAI and sixAOA)
from CV chondrites analyzed in this study. AOA are one of the most common type of refrac-
tory inclusions in carbonaceous chondrites (e.g., Krot et al., 2014). They are aggregates of
fine-grained forsterite, Fe, Ni-metal and a variety of refractory minerals (e.g., Al-rich diopside,
anorthite, spinel) (e.g., Krot et al., 2004). Geochemical investigation of AOA indicate that these
inclusions are nebular condensates that have no or minor degree of melting after their forma-
tion (e.g., Krot et al., 2004), and thus they are considered to record fractionation of refractory
elements occurred in the solar nebula (e.g., Ruzicka et al., 2012).
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R7C-01 is a fragment of an irregularly shaped CAI that consists of fine-grained spinel and
Al, Ti-rich diopside and a small amount of anorthite and surrounded by an Al-rich diopside rim.
Anorthite is partially replaced by a secondary nepheline. The bulk CAI shows almost flat REE
pattern (∼ 40 × CI) with negative anomalies in Eu and Yb and a small negative Ce anomaly.
Based on mineralogy and bulk major element abundance, we classified AOA from RBT
04143 into two groups: Ca, Al-rich AOA and olivine-rich AOA. Ca, Al-rich AOA contain abun-
dant nodules of Ca, Al-rich minerals that commonly occur in CAI (e.g., Al-diopside, anorthite,
spinel; Brearley and Jones, 1998; MacPherson, 2014) with high bulk abundance of major RLE
(e.g., Ca, Al, Ti). In contrast, such refractory minerals are nearly absent in olivine-rich AOA,
which consist of abundant olivine and minor amounts of Fe, Ni-metal and Al-diopside.
R1A-03 is an irregularly-shaped Ca, Al-rich AOA that is composed of anorthite-rich nodules
with minor Al, Ti-rich diopside and spinel, and forsterite. This inclusion has a nearly flat REE
pattern (∼ 5 × CI) with positive Ce and Eu anomalies. R4A-45 consists of a subrounded nodule
that consists of a core of spinel + Al, Ti-rich diopside and Al-diopside rim, which is surrounded
by a compact-textured forsterite thereafter. Spinel-rich domain of this inclusion is characterized
by highly fractionated REE pattern with a higher light REE abundance (Ce, Pr and Nd; ∼ 20 ×
CI) than heavy REE (Gd, Tb, Dy, Ho, Er and Lu; ∼ 10 × CI), and negative Eu and positive Sm,
Tm and Yb anomalies. Two spot data were obtained from olivine-rich region of this inclusion.
One measurement shows highly fractionated REE pattern as observed in the spinel-rich domain
of this inclusion with much lower REE abundance (∼ 5 × CI and ∼ 2 × CI for LREE and HREE,
respectively). Another area of the olivine-rich domain shows nearly flat REE pattern (∼ 5 × CI)
with a negative Eu anomaly.
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Four AOA from RBT 04143 are classified as olivine-rich AOA. Typical CAI minerals (e.g.,
Al, Ti-rich diopside, spinel) are nearly absent in these inclusions. R3A-18 is irregularly-shaped,
olivine-rich inclusionwith a compact texture with lowREE abundance. R1A-04 is a fine-grained
irregular AOA which consists of forsterite-rich core and a mantle of forsterite + Fe-rich olivine
+ Fe, Ni-metal. The core of this inclusion is characterized by nearly flat REE pattern (∼ 2 ×
CI). R1A-01 is irregularly shaped AOA that is dominated by forsterite with a minor amount of
Fe, Ni-metal. The REE pattern of this inclusion is flat (∼ 4 × CI) with negative Eu anomaly.
R1A-06 is irregularly-shaped AOA that consists of Fe, Ni-metal-rich core, forsterite-rich mantle
with minor Al-diopside, and a rim of forsterite + Fe, Ni-metal. This inclusion shows flat REE
pattern (∼ 1–2 × CI).
For Allende CAI, we determined abundances of major elements and HFSE. The Allende
CAI 3529-63-RR1 is a brecciated CAI with abundant spinel and anorthite. In this inclusion,
anorthite occurs replacing primary melilite and minor Al, Ti-rich diopside is also identified.
3529-61-RR1 is a melilite-rich CAI with a well-developed rim sequence. Ca,Fe-rich pyroxene
and sodalite is abundant in this inclusion, reflecting significant alteration of this inclusion in the
Allende parent body.
Nb/Ta ratio of all studied CAI and Ca, Al-rich AOA ranges 3–10 (Figure 2.12), which is
clearly lower than that of CI chondrites (∼19). The non-chondritic REE patterns observed for
the RBT inclusions with low Nb/Ta indicate volatility-dependent fractionation of RLE. Thus,
the low Nb/Ta ratios observed in CAI and refractory AOA reflect Nb-Ta fractionation during
condensation from the solar nebula gas, possibly due to a slightly difference in condensation
temperatures of Nb and Ta (1559 K and 1573 K, respectively, at 10 Pa; Lodders, 2003). On
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the other hand, olivine-rich AOA do not show low Nb/Ta ratios (18–37). Since these AOA are
mineralogically and chemically less refractory compared to CAI and Ca, Al-rich AOA, it is




Figure A.1. Back-scattered electron microscope images of porphyritic pyroxene chondrules from unequilibrated enstatite chondrites.
(A) Chondrule C12 from Allan Hills (ALH) 84170 (EH3). (B) Chondrule C1 from ALH 84206 (EH3). (C) Chondrule C9 from ALH
85119 (EL3). (D) Chondrule C13 from MacAlpine Hills 88136 (EL3). Scale bars represent 100 µm.
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Figure A.2. Back-scattered electron microscope images of radial pyroxene chondrules from unequilibrated enstatite chondrites. (A)
Chondrule C26 from Allan Hills (ALH) 84206 (EH3). (B) Chondrule C14 from ALH 84170 (EH3). (C) Chondrule C1 fromMacAlpine
Hills (MAC) 88136 (EL3). (D) Chondrule C5 from MAC 88136 (EL3). Scale bars represent 100 µm.
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Figure A.3. Back-scattered electron microscope images of porphyritic olivine pyroxene and porphyritic olivine chondrules from un-
equilibrated enstatite chondrites. (A) Chondrule C4 from Allan Hills (ALH) A77295 (EH3). (B) Chondrule C12 from ALH 84206
(EH3). (C) Chondrule C4 from ALH 81470 (EH3). (D) Chondrule C2 from MacAlpine Hills 88136 (EL3). Scale bars represent 100
µm.
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Figure A.4. Back-scattered electron microscope images of rare types of chondrules from unequilibrated enstatite chondrites. (A) Ca-
pyroxene-rich chondrule C11 from Allan Hills (ALH) 84206 (EH3). (B) Cryptocrystalline chondrule C6 from MacAlpine Hills 88136
(EL3). Scale bars represent 100 µm.
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Figure A.5. Back-scattered electron microscope images of sulfides from unequilibrated EH
chondrites. (A) Sulfide S2 from Allan Hills (ALH) A77295 (EH3). (B) Sulfide S13 from
ALHA77295 (EH3). (C) Sulfide S5 from ALH 84170 (EH3). (D) Sulfide S6 from ALH 84170
(EH3). (E) Sulfide S3 from ALH 84206 (EH3). (F) Sulfide S5 from ALH 84206 (EH3). Scale
bars represent 100 µm. Abbreviation: Nep–nepheline.
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Figure A.6. Back-scattered electron microscope images of sulfides from unequilibrated EL
chondrites. (A) Sulfide S2 from Allan Hills (ALH) 85119 (EL3). (B) Sulfide S3 from ALH
85119 (EL3). (C) Sulfide S1 from MacAlpine Hills (MAC) 88136 (EL3). (D) Sulfide S8 from
MAC 88136 (EL3). (E) Sulfide SB1 from MAC 88136 (EL3). (F) Sulfide SB6 from MAC
88136 (EL3). Scale bars represent 100 µm. Abbreviations: Graph–graphite; Perr–perryite




Table A.1. Chemical composition of chondrules from Allan Hills A77295 (EH3) chondrite (in µg/g). NA-not analyzed;
BD-below detection limits.
Meteorite Type ID Chondrule type Diameter (µm) Si Al Fe Na Mn Cr Sc Ca V Ni Mg Ti K P S
ALHA77295 EH3 C1 PP 250 259374 23551 36922 15282 1084 2053 10.9 7791 57 707 177049 457 581 175 5046
ALHA77295 EH3 C10 PP 250 247782 37364 18577 22849 2168 1026 14.6 9720 40 629 151058 655 581 218 5767
ALHA77295 EH3 C11 PP 210 267461 21275 29460 16172 1162 1437 8.9 12651 28.2 786 175240 294 581 175 3644
ALHA77295 EH3 C2 PP 400 253532 16089 36922 7270 1084 1847 7.2 7505 NA BD 188386 438 BD BD 4085
ALHA77295 EH3 C3 POP 1000 220672 21487 22153 9570 465 2668 6.7 9720 NA BD 161611 382 249 BD 3965
ALHA77295 EH3 C4 POP 300 178603 38740 74932 9125 387 1710 19.8 30519 NA 2672 194959 1409 BD 218 10492
ALHA77295 EH3 C5 PP 410 236237 20905 38399 5786 929 2258 7.8 11150 NA 786 176566 369 166 BD 4005
ALHA77295 EH3 C6 PP 490 228665 24186 37155 15282 929 2258 8.3 12150 53.8 BD 179521 393 1245 BD 7008
ALHA77295 EH3 C9 PP 200 250119 39640 31869 7864 1084 1026 11.5 22228 NA 1100 169390 522 249 BD 2523
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Table A.1. (continued)
Meteorite Type ID Y Zr Nb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W
ALHA77295 EH3 C1 2.38 3.16 0.02 1.58 0.43 1.4 0.17 0.82 0.32 0.02 0.32 0.06 0.38 0.08 0.21 0.04 0.1 0.04 0.15 BD NA
ALHA77295 EH3 C10 2.85 8.6 0.15 4.84 0.5 1.45 0.2 0.89 0.27 0.06 0.32 0.08 0.52 0.1 0.36 0.04 0.25 0.06 0.28 0.01 0.01
ALHA77295 EH3 C11 1.64 1.86 0.03 0.19 0.14 0.63 0.07 0.55 0.11 0.01 0.22 0.04 0.26 0.06 0.16 0.02 0.03 0.03 0.12 0.01 BD
ALHA77295 EH3 C2 1.6 4.41 0.06 2.48 0.24 0.86 0.1 0.55 0.19 0.05 0.27 0.05 0.33 0.06 0.17 0.02 0.16 0.03 0.12 0.01 BD
ALHA77295 EH3 C3 1.39 3.03 0.08 1.3 0.19 0.58 0.07 0.45 0.15 0.03 0.2 0.03 0.26 0.05 0.15 0.03 0.15 0.02 0.09 BD BD
ALHA77295 EH3 C4 4.59 12.98 0.58 4.55 0.69 2.02 0.26 1.72 0.56 0.16 0.74 0.11 0.84 0.17 0.43 0.08 0.44 0.08 0.35 0.04 0.04
ALHA77295 EH3 C5 1.67 3.78 0.07 1.61 0.22 0.87 0.13 0.63 0.14 0.05 0.21 0.05 0.33 0.06 0.22 0.03 0.06 0.02 0.14 0.01 BD
ALHA77295 EH3 C6 1.6 2.84 0.1 1.93 0.25 0.87 0.11 0.63 0.18 0.02 0.27 0.04 0.25 0.06 0.17 0.03 0.14 0.03 0.09 0.01 BD
ALHA77295 EH3 C9 1.86 4.61 0.04 2.88 0.23 0.78 0.1 0.63 0.2 0.06 0.19 0.05 0.34 0.08 0.22 0.03 0.06 0.04 0.21 0.01 0.01
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Table A.2. Chemical composition of chondrules from Allan Hills 84170 (EH3) chondrite (in µg/g). NA-not analyzed;
BD-below detection limits.
Meteorite Type ID Chondrule type Diameter (µm) Si Al Fe Na Mn Cr Sc Ca V Ni Mg Ti K P S
ALH 84170 EH3 C1 PP 600 250119 18894 63816 5341 1626 4721 13.4 11864 NA 393 149008 733 166 BD 6527
ALH 84170 EH3 C11 PP 600 234040 25086 46405 8531 1936 1984 14.9 20084 NA 629 179461 411 415 BD 17740
ALH 84170 EH3 C12 PP 500 244744 17782 44306 12315 1084 2189 8.3 11507 NA 1022 174214 528 332 305 9291
ALH 84170 EH3 C13 PP 320 249512 18312 46638 5045 1317 2053 9.8 13008 NA 1257 177109 887 166 BD 7248
ALH 84170 EH3 C14 RP 210 267601 12014 51379 5267 1936 6705 7.5 8934 NA 1807 175360 418 332 218 4846
ALH 84170 EH3 C15 PP 300 250774 29479 50136 8457 620 3763 11.8 18654 NA 864 148164 884 249 305 8970
ALH 84170 EH3 C16 PP 350 249185 18576 41741 11870 542 2121 6.9 7147 NA 1100 181692 440 332 175 6207
ALH 84170 EH3 C17 PP 300 249512 29108 28371 14392 1084 1779 9.4 12436 NA BD 184466 567 415 BD 3364
ALH 84170 EH3 C19 PP 400 266526 23445 68402 8828 774 2463 11.4 16224 NA 1964 142194 700 332 305 11493
ALH 84170 EH3 C2 PP 700 244090 18947 17489 7270 852 2053 10.4 10364 NA BD 186396 574 249 BD 4205
ALH 84170 EH3 C20 RP 380 264703 16936 26895 10831 1394 2395 NA 9006 NA NA 191280 NA 415 BD 2723
ALH 84170 EH3 C21 PP 410 246146 15718 28216 8976 542 2258 NA 16296 NA 471 195501 NA 498 175 4245
ALH 84170 EH3 C3 PP 320 252971 17147 31325 4229 852 2258 9.8 14366 NA 943 190315 593 249 218 2523
ALH 84170 EH3 C4 POP 500 223242 25827 39487 9422 2091 2395 8.6 19155 NA 1257 198637 746 664 175 8650
ALH 84170 EH3 C5 POP 1000 233947 30484 11271 5267 1084 2053 7 21013 NA 471 170657 526 581 BD 2323
ALH 84170 EH3 C6 PP 300 249512 14766 21920 1780 NA 3284 7.7 16868 NA BD 211301 731 332 BD 3764
ALH 84170 EH3 C7 PP 250 245539 22334 57442 9422 1549 1984 9.6 11364 NA 1179 172707 410 332 175 12094
ALH 84170 EH3 C8 PP 200 278960 12755 74465 8976 852 2942 9.3 7862 NA 1493 162395 461 415 218 13375
ALH 84170 EH3 C9 PO 400 218521 6033 75787 2077 12314 1642 NA 6790 NA 471 172888 NA 498 BD 37443
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Table A.2. (continued)
Meteorite Type ID Y Zr Nb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W
ALH 84170 EH3 C1 1.88 4.81 0.25 0.82 0.23 0.72 0.11 0.53 0.22 0.04 0.32 0.05 0.5 0.09 0.28 0.03 0.27 0.05 0.17 0.01 BD
ALH 84170 EH3 C11 2.4 6.55 0.13 3.67 0.24 0.73 0.13 0.73 0.23 0.06 0.4 0.08 0.51 0.12 0.34 0.05 0.17 0.05 0.2 0.01 BD
ALH 84170 EH3 C12 1.68 4.12 0.1 0.43 0.3 0.96 0.13 0.62 0.21 0.03 0.29 0.05 0.32 0.07 0.24 0.02 0.2 0.04 0.12 BD 0.01
ALH 84170 EH3 C13 1.61 5.11 0.08 1.32 0.3 1 0.14 0.6 0.16 0.04 0.28 0.05 0.39 0.09 0.21 0.03 0.29 0.03 0.19 0.01 NA
ALH 84170 EH3 C14 1.38 2.37 0.13 0.34 0.11 0.51 0.1 0.44 0.16 0.02 0.12 0.03 0.31 0.05 0.15 0.03 0.1 0.02 0.1 0.01 0.02
ALH 84170 EH3 C15 2.62 8 0.26 1.41 0.35 1.4 0.17 0.8 0.33 0.02 0.51 0.05 0.59 0.1 0.34 0.06 0.26 0.04 0.16 0.02 0.01
ALH 84170 EH3 C16 1.3 3.5 0.11 0.45 0.2 0.67 0.1 0.46 0.09 0.01 0.13 0.02 0.21 0.06 0.16 0.02 0.11 0.02 0.1 0.01 NA
ALH 84170 EH3 C17 2.39 5.72 0.06 6.51 0.38 1.35 0.18 0.97 0.18 0.07 0.39 0.07 0.52 0.11 0.31 0.05 0.12 0.05 0.21 0.01 NA
ALH 84170 EH3 C19 4.2 6.45 0.31 1.59 0.66 2.07 0.34 1.43 0.5 0.11 0.65 0.11 0.72 0.14 0.44 0.07 0.39 0.06 0.2 0.02 0.01
ALH 84170 EH3 C2 2.94 6.64 0.15 5.66 0.52 1.77 0.23 1.01 0.25 0.08 0.38 0.1 0.56 0.14 0.42 0.06 0.14 0.06 0.24 0.02 BD
ALH 84170 EH3 C20 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
ALH 84170 EH3 C21 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
ALH 84170 EH3 C3 1.25 4.22 0.11 0.55 0.51 1.1 0.12 0.4 0.14 0.1 0.2 0.04 0.27 0.05 0.16 0.02 0.46 0.02 0.1 NA 0.02
ALH 84170 EH3 C4 1.71 4.52 0.3 3.45 0.31 0.95 0.13 0.58 0.22 0.05 0.26 0.06 0.4 0.07 0.21 0.04 0.22 0.03 0.14 0.02 0.01
ALH 84170 EH3 C5 1.16 3.01 0.09 1.85 0.23 0.83 0.1 0.45 0.15 0.06 0.17 0.03 0.23 0.05 0.14 0.02 0.14 0.02 0.1 0.01 BD
ALH 84170 EH3 C6 1.3 4.11 0.41 1.79 0.23 1.23 0.13 0.5 0.26 0.03 0.21 0.03 0.29 0.05 0.12 0.02 0.22 0.01 0.05 0.02 0.1
ALH 84170 EH3 C7 1.75 3.33 0.02 2.11 0.18 0.68 0.12 0.7 0.15 0.07 0.28 0.06 0.33 0.06 0.24 0.04 0.03 0.04 0.18 0.01 0.01
ALH 84170 EH3 C8 1.93 4.6 0.05 1.35 0.29 1.05 0.16 0.77 0.19 0.03 0.32 0.06 0.31 0.07 0.23 0.04 0.07 0.04 0.17 0.01 0.01
ALH 84170 EH3 C9 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
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Table A.3. Chemical composition of chondrules from Allan Hills 84206 (EH3) chondrite (in µg/g). NA-not analyzed;
BD-below detection limits.
Meteorite Type ID Chondrule type Diameter (µm) Si Al Fe Na Mn Cr Sc Ca V Ni Mg Ti K P S
ALH 84206 EH3 C1 PP 400 245539 21064 31636 8531 929 1437 7.6 11793 NA 786 185250 541 249 BD 5486
ALH 84206 EH3 C10 PP 250 262833 14978 19199 7938 387 1642 6.1 5932 NA BD 213291 249 166 BD 1241
ALH 84206 EH3 C11 Cpx-rich 500 193421 81768 46172 19362 310 1026 38.3 60109 NA BD 133028 3345 332 BD 6047
ALH 84206 EH3 C12 POP 500 230721 22069 49125 7641 1084 1984 8.7 10221 NA 393 200205 514 166 BD 6568
ALH 84206 EH3 C14 PP 200 249465 22175 58375 9718 2168 1642 10.2 10435 NA 1336 193632 601 166 436 14016
ALH 84206 EH3 C15 PP 200 253952 14660 45627 6602 2323 2053 8.3 11864 NA 1650 203099 391 415 305 5366
ALH 84206 EH3 C16 PP 500 246801 26621 39487 20178 852 1779 11.8 11722 NA 393 167581 966 249 BD 6247
ALH 84206 EH3 C17 PP 300 258112 11326 47104 3561 852 2258 8 6718 NA BD 203461 574 249 BD 1802
ALH 84206 EH3 C18 PP 250 248016 32072 43062 21514 3717 1847 NA 13794 NA NA 152747 NA 332 BD 11733
ALH 84206 EH3 C19 PP 400 240490 28526 28527 9051 1317 1505 8.2 11293 NA BD 182235 433 249 218 4765
ALH 84206 EH3 C2 RP 250 273865 9950 36300 9051 1007 2121 5.8 1787 NA BD 185310 330 166 BD 3043
ALH 84206 EH3 C20 PP 500 240584 24239 52856 15208 929 1984 10.2 6861 NA BD 169571 443 415 BD 8290
ALH 84206 EH3 C22 RP 300 262226 14025 33968 11721 1549 2053 6.8 9363 NA BD 186757 415 332 BD 5807
ALH 84206 EH3 C23 PP 400 250026 25774 18344 6528 2091 1574 15.4 26373 NA 707 188747 625 249 305 8089
ALH 84206 EH3 C24 PP 300 241939 7833 35212 2226 1007 1984 5.1 5218 NA BD 210999 165 BD BD 9090
ALH 84206 EH3 C25 PP 330 263815 10849 30859 7344 1317 1574 7.3 5432 NA BD 211482 453 249 BD 5086
ALH 84206 EH3 C26 RP 200 268676 3123 24329 1780 1084 2053 4 7004 NA 471 226859 150 332 BD 2683
ALH 84206 EH3 C28 PP 210 278212 13707 40420 10757 1162 1847 NA 10507 NA 1336 167280 NA 249 BD 4165
ALH 84206 EH3 C29 PP 450 240023 27150 62495 18101 852 2121 8 8291 NA 1179 153350 451 332 524 14296
ALH 84206 EH3 C3 PP 410 239743 17412 13914 4599 852 1984 7.4 21656 NA 471 194778 303 415 175 2243
ALH 84206 EH3 C30 PO 190 198749 45991 42363 6306 NA 1505 20 33092 NA 471 203642 1774 BD BD 4725
ALH 84206 EH3 C8 RP 400 260823 10691 38632 6009 2478 2942 7.5 15581 NA BD 173853 470 166 BD 10092
ALH 84206 EH3 C9 RP 320 245726 8150 45472 2151 929 2668 4.2 4646 NA 1022 216547 259 249 BD 13616
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Table A.3. (continued)
Meteorite Type ID Y Zr Nb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W
ALH 84206 EH3 C1 2.53 2.67 0.2 2.59 0.19 0.84 0.12 0.9 0.17 0.07 0.46 0.07 0.36 0.09 0.25 0.05 0.03 0.05 0.13 0.01 BD
ALH 84206 EH3 C10 0.88 2.05 0.02 2.17 0.17 0.65 0.1 0.38 0.12 0.05 0.12 0.02 0.17 0.04 0.11 0.01 0.04 0.02 0.09 BD NA
ALH 84206 EH3 C11 7.94 21.95 2.1 1.44 1.73 2.03 0.7 3.61 1.04 0.13 1.16 0.24 1.43 0.34 1.01 0.14 1.06 0.16 0.61 0.11 0.15
ALH 84206 EH3 C12 1.89 5.11 0.06 3.85 0.3 0.94 0.13 0.59 0.21 0.05 0.23 0.06 0.34 0.07 0.23 0.03 0.11 0.03 0.17 0.01 0.01
ALH 84206 EH3 C14 0.74 3.95 0.19 3.46 0.12 0.31 0.05 0.17 0.02 0.04 0.08 0.02 0.16 0.04 0.1 0.01 0.02 0.02 0.18 0.01 BD
ALH 84206 EH3 C15 0.58 2.49 0.04 3.09 0.09 0.26 0.04 0.21 0.01 0.04 0.12 0.02 0.14 0.02 0.08 0.01 0.01 0.02 0.13 0.01 0.01
ALH 84206 EH3 C16 1.99 7.68 0.06 1.74 0.35 1.13 0.17 0.75 0.21 0.03 0.29 0.06 0.41 0.08 0.27 0.03 0.15 0.04 0.24 0.01 0.01
ALH 84206 EH3 C17 2.68 2.83 0.21 2.72 0.2 0.89 0.12 0.95 0.18 0.08 0.49 0.07 0.39 0.1 0.27 0.05 0.03 0.05 0.14 0.02 BD
ALH 84206 EH3 C18 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
ALH 84206 EH3 C19 1.3 3.23 0.03 5.72 0.17 0.61 0.08 0.39 0.06 0.05 0.21 0.03 0.22 0.05 0.15 0.02 0.03 0.02 0.14 BD NA
ALH 84206 EH3 C2 0.76 3 0.02 0.12 0.05 0.24 0.04 0.2 0.02 BD 0.1 0.03 0.17 0.04 0.12 0.02 0.01 0.02 0.11 0.01 BD
ALH 84206 EH3 C20 2.39 4.55 0.05 2.32 0.35 1.17 0.17 0.93 0.26 0.03 0.43 0.06 0.39 0.1 0.27 0.04 0.28 0.04 0.19 0.01 NA
ALH 84206 EH3 C22 0.83 2.66 0.13 0.16 0.07 0.2 0.03 0.22 0.03 0.01 0.14 0.02 0.16 0.03 0.11 0.02 0.02 0.02 0.12 0.01 BD
ALH 84206 EH3 C23 1.77 10.9 0.06 1.76 0.24 0.82 0.09 0.52 0.13 0.06 0.25 0.05 0.27 0.07 0.26 0.03 0.13 0.04 0.23 0.03 BD
ALH 84206 EH3 C24 0.44 0.91 0.07 0.25 0.04 0.16 0.03 0.15 0.04 0.01 0.08 0.01 0.08 0.02 0.07 0.01 0.02 0.01 0.04 BD BD
ALH 84206 EH3 C25 1.89 2.32 0.1 0.37 0.23 0.79 0.11 0.47 0.09 0.02 0.22 0.04 0.35 0.08 0.29 0.03 0.08 0.04 0.08 BD BD
ALH 84206 EH3 C26 0.43 1.98 0.09 0.26 0.06 0.25 0.03 0.11 0.02 BD NA 0.01 0.11 0.02 0.05 0.01 0.03 0.01 0.05 0.01 NA
ALH 84206 EH3 C28 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
ALH 84206 EH3 C29 1.95 3.73 0.06 0.99 0.2 0.88 0.12 0.72 0.19 0.02 0.33 0.06 0.38 0.08 0.22 0.03 0.08 0.03 0.13 0.01 BD
ALH 84206 EH3 C3 0.76 3.77 0.08 2.47 0.29 0.73 0.08 0.31 0.06 0.07 0.07 0.02 0.11 0.03 0.09 0.01 0.05 0.01 0.14 0.01 BD
ALH 84206 EH3 C30 4.94 11.78 0.71 2.84 0.83 2.82 0.42 1.92 0.58 0.11 0.81 0.12 0.89 0.2 0.49 0.1 0.63 0.07 0.34 0.06 0.01
ALH 84206 EH3 C8 0.97 2.94 0.14 0.64 0.13 0.34 0.05 0.19 0.02 BD 0.1 0.02 0.19 0.03 0.12 0.02 0.08 0.03 0.09 0.02 NA
ALH 84206 EH3 C9 0.38 1.16 0.09 0.36 0.04 0.19 0.03 0.17 0.04 BD NA 0.01 0.06 0.01 0.05 0.01 0.04 0.01 0.04 BD 0.01
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Table A.4. Chemical composition of chondrules from Allan Hills 85119 (EL3) chondrite (in µg/g). NA-not analyzed;
BD-below detection limits.
Meteorite Type ID Chondrule type Diameter (µm) Si Al Fe Na Mn Cr Sc Ca V Ni Mg Ti K P S
ALH 85119 EL3 C1 PP 520 230721 14713 62417 7344 1317 3216 5 16296 NA 1179 173853 240 498 393 33318
ALH 85119 EL3 C10 PP 350 247175 30855 18888 19807 2246 1916 12.9 14652 33.9 BD 134837 1045 2241 BD 6327
ALH 85119 EL3 C11 PP 320 253438 16830 6918 3413 1084 1368 NA 19869 NA BD 142133 NA 249 BD 3084
ALH 85119 EL3 C12 PP 180 247876 24080 40109 5267 1317 2805 12.2 18011 33.1 1179 181994 369 664 567 8530
ALH 85119 EL3 C13 PP 200 242080 11114 37233 3932 774 2668 NA 8720 NA BD 192788 NA 581 BD 11693
ALH 85119 EL3 C14 Cpx-rich 160 263207 19952 42907 13205 465 3558 NA 12365 NA 550 177350 NA 1162 BD 8850
ALH 85119 EL3 C15 RP 240 235536 26885 32025 15356 2323 2121 10.4 9006 47.5 943 197009 713 830 175 8490
ALH 85119 EL3 C16 PP 250 269751 24768 16945 15653 465 1232 NA 9149 NA BD 175300 NA 1494 BD 5366
ALH 85119 EL3 C17 PP 500 200105 14290 132063 9570 3562 6431 7.4 8720 51.4 864 169631 521 664 218 80292
ALH 85119 EL3 C18 PP 360 264189 20905 27672 12908 929 1710 NA 15724 NA 943 175360 NA 2822 262 9251
ALH 85119 EL3 C2 PP 490 251475 28473 20909 8235 1162 1437 10.1 21728 NA 393 164265 650 415 BD 5526
ALH 85119 EL3 C3 PP 390 282559 17941 10338 4451 1317 2121 10.3 22871 43.5 471 163662 729 332 BD 3043
ALH 85119 EL3 C4 RP 400 249839 5610 41430 1780 620 3147 6.4 11864 NA BD 210456 308 332 BD 10973
ALH 85119 EL3 C5 PP 530 240210 24716 25184 11647 542 1574 7.9 16868 42.7 629 176928 277 1328 BD 8650
ALH 85119 EL3 C6 PP 500 249932 23287 18655 14021 1162 2395 7.5 12937 NA 393 179280 440 996 BD 7609
ALH 85119 EL3 C7 PP 370 222869 21646 15701 11573 697 1574 7.1 11293 53.4 BD 178496 477 498 BD 4445
ALH 85119 EL3 C8 PP 570 237592 25721 28527 13427 1239 2463 7.9 15152 75.5 471 166496 505 913 BD 10052
ALH 85119 EL3 C9 PP 980 240724 19211 26506 7419 774 1574 6.9 12651 NA BD 190737 522 332 BD 10612
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Table A.4. (continued)
Meteorite Type ID Y Zr Nb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W
ALH 84206 EH3 C1 2.53 2.67 0.2 2.59 0.19 0.84 0.12 0.9 0.17 0.07 0.46 0.07 0.36 0.09 0.25 0.05 0.03 0.05 0.13 0.01 BD
ALH 84206 EH3 C10 0.88 2.05 0.02 2.17 0.17 0.65 0.1 0.38 0.12 0.05 0.12 0.02 0.17 0.04 0.11 0.01 0.04 0.02 0.09 BD NA
ALH 84206 EH3 C11 7.94 21.95 2.1 1.44 1.73 2.03 0.7 3.61 1.04 0.13 1.16 0.24 1.43 0.34 1.01 0.14 1.06 0.16 0.61 0.11 0.15
ALH 84206 EH3 C12 1.89 5.11 0.06 3.85 0.3 0.94 0.13 0.59 0.21 0.05 0.23 0.06 0.34 0.07 0.23 0.03 0.11 0.03 0.17 0.01 0.01
ALH 84206 EH3 C14 0.74 3.95 0.19 3.46 0.12 0.31 0.05 0.17 0.02 0.04 0.08 0.02 0.16 0.04 0.1 0.01 0.02 0.02 0.18 0.01 BD
ALH 84206 EH3 C15 0.58 2.49 0.04 3.09 0.09 0.26 0.04 0.21 0.01 0.04 0.12 0.02 0.14 0.02 0.08 0.01 0.01 0.02 0.13 0.01 0.01
ALH 84206 EH3 C16 1.99 7.68 0.06 1.74 0.35 1.13 0.17 0.75 0.21 0.03 0.29 0.06 0.41 0.08 0.27 0.03 0.15 0.04 0.24 0.01 0.01
ALH 84206 EH3 C17 2.68 2.83 0.21 2.72 0.2 0.89 0.12 0.95 0.18 0.08 0.49 0.07 0.39 0.1 0.27 0.05 0.03 0.05 0.14 0.02 BD
ALH 84206 EH3 C18 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
ALH 84206 EH3 C19 1.3 3.23 0.03 5.72 0.17 0.61 0.08 0.39 0.06 0.05 0.21 0.03 0.22 0.05 0.15 0.02 0.03 0.02 0.14 BD NA
ALH 84206 EH3 C2 0.76 3 0.02 0.12 0.05 0.24 0.04 0.2 0.02 BD 0.1 0.03 0.17 0.04 0.12 0.02 0.01 0.02 0.11 0.01 BD
ALH 84206 EH3 C20 2.39 4.55 0.05 2.32 0.35 1.17 0.17 0.93 0.26 0.03 0.43 0.06 0.39 0.1 0.27 0.04 0.28 0.04 0.19 0.01 NA
ALH 84206 EH3 C22 0.83 2.66 0.13 0.16 0.07 0.2 0.03 0.22 0.03 0.01 0.14 0.02 0.16 0.03 0.11 0.02 0.02 0.02 0.12 0.01 BD
ALH 84206 EH3 C23 1.77 10.9 0.06 1.76 0.24 0.82 0.09 0.52 0.13 0.06 0.25 0.05 0.27 0.07 0.26 0.03 0.13 0.04 0.23 0.03 BD
ALH 84206 EH3 C24 0.44 0.91 0.07 0.25 0.04 0.16 0.03 0.15 0.04 0.01 0.08 0.01 0.08 0.02 0.07 0.01 0.02 0.01 0.04 BD BD
ALH 84206 EH3 C25 1.89 2.32 0.1 0.37 0.23 0.79 0.11 0.47 0.09 0.02 0.22 0.04 0.35 0.08 0.29 0.03 0.08 0.04 0.08 BD BD
ALH 84206 EH3 C26 0.43 1.98 0.09 0.26 0.06 0.25 0.03 0.11 0.02 BD NA 0.01 0.11 0.02 0.05 0.01 0.03 0.01 0.05 0.01 NA
ALH 84206 EH3 C28 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
ALH 84206 EH3 C29 1.95 3.73 0.06 0.99 0.2 0.88 0.12 0.72 0.19 0.02 0.33 0.06 0.38 0.08 0.22 0.03 0.08 0.03 0.13 0.01 BD
ALH 84206 EH3 C3 0.76 3.77 0.08 2.47 0.29 0.73 0.08 0.31 0.06 0.07 0.07 0.02 0.11 0.03 0.09 0.01 0.05 0.01 0.14 0.01 BD
ALH 84206 EH3 C30 4.94 11.78 0.71 2.84 0.83 2.82 0.42 1.92 0.58 0.11 0.81 0.12 0.89 0.2 0.49 0.1 0.63 0.07 0.34 0.06 0.01
ALH 84206 EH3 C8 0.97 2.94 0.14 0.64 0.13 0.34 0.05 0.19 0.02 BD 0.1 0.02 0.19 0.03 0.12 0.02 0.08 0.03 0.09 0.02 NA
ALH 84206 EH3 C9 0.38 1.16 0.09 0.36 0.04 0.19 0.03 0.17 0.04 BD NA 0.01 0.06 0.01 0.05 0.01 0.04 0.01 0.04 BD 0.01
286
Table A.5. Chemical composition of chondrules from MacAlpine Hills 88136 (EL3) chondrite (in µg/g). NA-not
analyzed; BD-below detection limits.
Meteorite Type ID Chondrule type Diameter (µm) Si Al Fe Na Mn Cr Sc Ca V Ni Mg Ti K P S
MAC 88136 EL3 C1 RP 700 271948 15824 37544 10608 542 2121 7.8 5003 NA 1257 172104 508 498 BD 4525
MAC 88136 EL3 C10 POP 220 237265 11802 29149 1335 3872 2532 11.8 11007 NA 1257 245733 964 BD 218 4405
MAC 88136 EL3 C11 PP 650 232591 19106 83404 10683 1084 2532 5.3 7791 NA 3615 163300 846 1328 BD 18942
MAC 88136 EL3 C13 PP 240 263301 19159 36611 9570 774 1847 13.4 5003 NA 1493 199903 568 747 BD 8530
MAC 88136 EL3 C14 PP 570 215016 10479 87213 3635 1626 2874 7.7 6576 NA 3222 190918 385 166 BD 29954
MAC 88136 EL3 C15 PP 200 250306 16301 42052 7567 1549 1368 11.9 13508 NA 1807 183803 618 747 175 11093
MAC 88136 EL3 C16 PP 230 221934 11590 59697 4080 387 684 12.7 13866 NA 2279 194175 265 BD 262 9251
MAC 88136 EL3 C17 PP 200 247876 10373 42285 5638 1626 1437 11.3 6933 NA 2200 205210 465 830 175 5566
MAC 88136 EL3 C18 PP 200 228898 7992 64438 3487 1162 2668 10.2 7791 NA 629 196044 275 249 BD 13215
MAC 88136 EL3 C19 PP 240 252597 10267 42130 6677 1317 2189 11.6 9149 NA 1100 204909 431 664 BD 7208
MAC 88136 EL3 C2 POP 380 234320 15718 38632 5712 1084 2668 7.5 18654 NA 864 200386 261 166 BD 7288
MAC 88136 EL3 C20 PP 330 249091 15771 56276 9273 697 1847 NA 7433 NA 1572 188265 NA 996 BD 11413
MAC 88136 EL3 C21 PP 140 226187 22016 99650 6454 1704 2737 NA 15653 NA 4243 178496 NA 498 1397 23827
MAC 88136 EL3 C22 RP 150 198375 4710 50680 668 697 1505 6.7 5932 NA 2907 169993 350 249 305 3364
MAC 88136 EL3 C3 RP 500 245258 8785 62961 5193 2246 3489 8.7 10864 NA 1414 193391 577 581 BD 8370
MAC 88136 EL3 C4 PP 230 256430 11696 36533 7493 1239 1574 11.9 13437 NA 471 203522 289 747 BD 6688
MAC 88136 EL3 C5 RP 440 280970 13443 26972 9199 1084 2189 12.2 8076 NA 707 166194 552 830 BD 5166
MAC 88136 EL3 C6 CP 220 250447 12702 62106 4451 1549 4516 9.2 14009 NA 707 197130 411 332 BD 3724
MAC 88136 EL3 C7 PP 250 248764 21434 50447 14540 1859 1710 16.9 8362 NA 864 175903 968 913 262 11173
MAC 88136 EL3 C8 PP 150 217119 24610 123824 12686 929 1710 14.1 14223 NA 5658 159079 485 1162 349 12374
MAC 88136 EL3 CB1 PP 370 239649 26303 75787 13057 1162 1437 6.9 13080 NA 1336 159259 388 996 BD 20263
MAC 88136 EL3 CB2 PP 190 247221 20587 42207 10534 BD 889 NA 18797 NA 2043 179039 NA 1162 305 9491
MAC 88136 EL3 CB3 PP 500 239789 31807 68014 14911 697 1505 10.5 11150 NA 1807 163300 326 1245 175 18221
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Table A.5. (continued)
Meteorite Type ID Y Zr Nb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W
MAC 88136 EL3 C1 1.45 4.12 0.22 3.76 0.23 0.79 0.11 0.5 0.15 0.02 0.24 0.03 0.27 0.06 0.2 0.03 0.16 0.04 0.13 0.02 0.14
MAC 88136 EL3 C10 2.22 6.92 0.21 2.11 0.31 1.66 0.11 0.59 0.19 0.05 0.41 0.07 0.43 0.1 0.28 0.03 0.15 0.04 0.13 0.02 0.2
MAC 88136 EL3 C11 1.59 4.65 0.42 11.62 0.31 1.02 0.15 0.71 0.23 0.14 0.31 0.05 0.41 0.09 0.24 0.04 0.28 0.03 0.15 0.03 BD
MAC 88136 EL3 C13 2.16 4.68 0.13 3.22 0.27 0.96 0.13 0.68 0.15 0.05 0.3 0.06 0.41 0.08 0.24 0.03 0.07 0.04 0.15 0.01 0.03
MAC 88136 EL3 C14 13.66 3.48 0.21 1.64 2.12 6.32 0.96 5.04 1.77 0.33 2.05 0.39 2.67 0.59 1.74 0.24 1.58 0.21 0.09 0.01 BD
MAC 88136 EL3 C15 0.86 3.65 0.04 4.24 0.15 0.35 0.04 0.18 0.06 0.04 0.1 0.03 0.18 0.03 0.09 0.02 0.04 0.01 0.17 0.01 NA
MAC 88136 EL3 C16 1.02 2.17 0.13 2.17 0.19 0.48 0.07 0.36 0.08 0.04 0.11 0.02 0.18 0.03 0.13 0.02 0.14 0.02 0.2 NA 0.02
MAC 88136 EL3 C17 1 2.02 0.03 1.87 0.13 0.37 0.07 0.27 0.09 0.01 0.14 0.02 0.22 0.03 0.11 0.01 NA 0.02 0.1 BD BD
MAC 88136 EL3 C18 0.24 1.44 0.01 0.79 0.04 0.05 0.01 0.04 NA 0.01 0.01 BD 0.04 0.01 0.02 NA NA 0.01 0.08 BD NA
MAC 88136 EL3 C19 1.16 2.21 0.06 3.52 0.1 0.39 0.06 0.31 0.16 0.03 0.12 0.02 0.24 0.05 0.14 0.02 0.06 0.03 0.11 NA BD
MAC 88136 EL3 C2 1.18 3.13 0.06 4.41 0.22 0.79 0.11 0.43 0.17 0.09 0.18 0.04 0.26 0.06 0.17 0.02 0.17 0.02 0.11 BD BD
MAC 88136 EL3 C20 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
MAC 88136 EL3 C21 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
MAC 88136 EL3 C22 0.6 3.46 0.08 0.75 0.03 0.19 0.01 0.05 0.07 0.01 0.07 0.01 0.1 0.02 0.06 0.01 0.07 0.01 0.07 0.01 BD
MAC 88136 EL3 C3 1.13 3.25 0.29 3.41 0.16 0.51 0.06 0.31 0.07 0.03 0.14 0.03 0.17 0.04 0.11 0.02 0.05 0.02 0.12 0.01 BD
MAC 88136 EL3 C4 1.02 1.44 0.02 1.31 0.15 0.49 0.07 0.34 0.19 0.01 0.17 0.03 0.19 0.04 0.13 0.02 0.16 NA 0.05 BD BD
MAC 88136 EL3 C5 1.34 4.11 0.14 1.52 0.19 0.65 0.09 0.47 0.14 0.01 0.16 0.04 0.28 0.05 0.17 0.03 0.14 0.03 0.12 0.02 BD
MAC 88136 EL3 C6 1.65 3.65 0.27 0.71 0.24 0.68 0.09 0.53 0.1 BD 0.21 0.03 0.3 0.05 0.16 0.02 0.16 0.03 0.13 0.02 NA
MAC 88136 EL3 C7 2.88 8.84 0.19 8.4 0.25 0.87 0.12 0.73 0.03 0.06 0.39 0.07 0.53 0.11 0.37 0.04 0.03 0.05 0.29 0.02 0.01
MAC 88136 EL3 C8 2.15 6.03 0.03 5.01 0.15 0.53 0.09 0.64 NA 0.11 0.26 0.05 0.35 0.08 0.27 0.04 0.02 0.04 0.25 0.01 NA
MAC 88136 EL3 CB1 1.19 3.17 0.15 3.51 0.18 0.57 0.08 0.34 0.08 0.02 0.19 0.02 0.22 0.04 0.12 0.02 0.03 0.02 0.1 0.01 BD
MAC 88136 EL3 CB2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
MAC 88136 EL3 CB3 0.24 3.05 0.15 3.23 0.07 0.18 0.03 0.08 0.02 0.07 0.03 BD 0.02 0.01 0.02 BD 0.04 0.01 0.15 0.01 BD
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Table A.6. Chemical composition of troilite from unequilibrated EH chondrites (in µg/g). NA-not analyzed; BD-below detection limits.
Meteorite Type ID Occurrence Mg Ca Ti V Cr Mn Fe Cu Zn Ga Zr Nb Mo Cs Pb
ALHA77295 EH3 S12 In MSN, + CaS BD BD 1911 273 5261 310 606038 143 48 BD 0.08 0.08 0.38 BD BD
ALHA77295 EH3 S12 In MSN, + CaS BD BD 1539 235 13612 429 608870 208 620 1.93 0.63 0.22 0.34 0.14 3.73
ALHA77295 EH3 S2 In MSN, + CaS, CrS BD BD 2789 418 4357 169 617000 410 BD BD BD 0.04 0.57 BD BD
ALHA77295 EH3 S3 Isolated in matrix BD 2302 2210 325 6226 345 604866 246 31 BD BD BD 0.3 BD BD
ALHA77295 EH3 S3 Isolated in matrix (filling between silicates) BD BD 1418 227 5173 278 606917 175 26 BD BD 0.09 0.92 0.12 0.19
ALHA77295 EH3 S9 In Fe-metal BD BD 1644 236 4340 152 615902 226 BD BD BD BD BD 0.31 BD
ALHA77295 EH3 S9 In Fe-metal BD BD 1523 205 4172 121 619614 148 377 1.81 BD BD BD BD BD
ALHA77295 EH3 S9 In Fe-metal 500 BD 1247 204 4328 208 633580 195 BD BD BD BD 0.49 BD BD
ALHA77295 EH3 S7-1 In MSN BD BD 1358 204 4849 267 616684 307 27 BD 0.03 0.02 0.67 BD BD
ALH 84170 EH3 S10 In MSN, + CaS, MgS 236 BD 1342 NA 4371 306 619028 101 85 BD BD 0.41 BD BD 0.42
ALH 84170 EH3 S15 In MSN, + CaS, MgS, CrS 58 BD 1630 NA 4230 333 609847 233 41 BD 0.03 1.27 1.57 0.18 BD
ALH 84170 EH3 S2 In MSN, + CaS, MgS, CrS BD BD 1830 NA 5222 206 615609 114 63 BD BD 0.5 0.56 BD BD
ALH 84170 EH3 S5 In MSN, + CaS, MgS BD BD 1912 NA 7665 124 621762 117 52 BD 0.46 BD BD BD 0.45
ALH 84170 EH3 S6-1 Isolated in matrix 266 BD 1527 NA 4032 309 611019 13 BD BD BD 0.83 0.34 BD 0.03
ALH 84170 EH3 S6-2 In MSN, + CaS, MgS, CrS BD 617 1362 NA 2399 243 613000 18 BD BD 0.07 0.04 0.23 0.05 0.13
ALH 84170 EH3 S7 In MSN, + CaS, MgS, CrS BD BD 1526 NA 4674 210 617000 60 337 1.7 0.08 0.9 0.66 BD 0.13
ALH 84206 EH3 S2-1 In MSN 600 BD 2017 244 4659 207 619125 99 BD BD 0.18 0.87 BD 0.01 0.15
ALH 84206 EH3 S5-1 In MsN, +CaS, MgS, En BD BD 2327 256 4111 568 631725 130 BD BD BD 1.88 0.88 0.05 BD
ALH 84206 EH3 S5-3 Isolated in matrix BD BD 1976 238 3694 283 612386 64 BD 0.11 BD 0.97 0.65 BD BD
ALH 84206 EH3 S6 In MSN, + CaS, CrS, Schr BD BD 1679 234 4601 251 615902 49 11 BD BD 0.1 0.35 0.03 BD
ALH 84206 EH3 S6 In MSN, + CaS, CrS, Schr BD BD 1759 248 3908 331 615902 50 BD BD BD 0.29 0.35 0.01 0.24
ALH 84206 EH3 S8-1 In MSN, +CaS, silicate BD BD 1809 224 5434 285 616000 223 BD 1.02 BD 0.53 BD 0.04 0.64
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Table A.7. Chemical composition of troilite from unequilibrated EL chondrites (in µg/g). NA-not analyzed; BD-below detection limits.
Meteorite Type ID Occurrence Mg Ca Ti V Cr Mn Fe Cu Zn Ga Zr Nb Mo Cs Pb
ALH 85119 EL3 S2 Isolated in matrix, nodular-shape BD BD 2908 NA 1773 121 619000 124 22 BD 0.54 1.2 0.68 BD 0.1
ALH 85119 EL3 S2 Isolated in matrix, nodular-shape 122 903 3931 424 3121 168 615570 140 78 0.51 2.79 2.27 1.21 BD 0.19
ALH 85119 EL3 S3 In MSN, +CaS, CrS 347 BD 2402 NA 2603 101 613000 570 69 BD 2.16 0.94 0.82 BD 0.53
MAC 88136 EL3 SA1 In Fe-metel BD BD 1693 NA 3997 182 617953 228 22 BD 7 1.08 0.12 BD 0.84
MAC 88136 EL3 SA1 In Fe-metel BD BD 2417 534 4335 393 617953 359 BD BD 7.22 1.17 0.72 BD 1.19
MAC 88136 EL3 SA11 Isolated in matrix 29 BD 1765 NA 6463 1153 607600 618 4 0.17 2.68 0.58 0.15 BD BD
MAC 88136 EL3 SA11 Isolated in matrix 446 5954 3027 356 11079 2182 607600 1236 6 0.44 3.44 0.83 0.46 BD 0.07
MAC 88136 EL3 SA13 Isolated in matrix 2602 BD 2518 NA 2039 284 595782 171 15 0.25 BD 1.38 BD BD 0.16
MAC 88136 EL3 SA8 In Fe-metel BD BD 1969 NA 2960 525 623000 157 19 BD 3.88 1.68 1.67 BD 0.03
MAC 88136 EL3 SB10 Isolated in matrix BD BD 1591 NA 2598 133 616000 160 8 BD BD 1.14 BD BD 0.11
MAC 88136 EL3 SB10 Isolated in matrix 1232 755 1771 211 3273 204 616000 184 BD BD 0.35 1.72 BD BD 0.08
MAC 88136 EL3 SB2 Isolated in matrix, nodular-shape 28 343 3108 265 6062 156 606428 102 837 1.31 7.59 1.78 1.17 BD 0.11
MAC 88136 EL3 SB6 + Perr/schr, CrS BD BD 1958 NA 7332 637 602522 395 36 BD 3.75 1.56 1 0.05 BD
MAC 88136 EL3 SB6 + Perr/schr, CrS 220 BD 2435 309 7845 698 617758 465 46 0.19 5.06 2.38 1.96 BD BD
MAC 88136 EL3 SB7 Isolated in matrix 123 BD 2077 NA 5270 558 628795 158 321 2.61 2.27 1.42 0.92 BD BD
MAC 88136 EL3 SB7 Isolated in matrix 303 79 2937 303 8641 710 618442 271 488 3.36 2.79 2.19 1.34 BD BD
MAC 88136 EL3 SB8 Poikilitic, + CrS, silicate 12520 BD 2857 NA 13486 835 623000 192 1474 10.23 6.12 1.7 4.8 BD 3.04
MAC 88136 EL3 SB8 Poikilitic, + CrS, silicate BD BD 3615 406 4102 323 616000 111 36 BD 4.4 2.88 1.13 BD 0.99
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Table A.8. Chemical composition of oldhamite and niningerite from unequilibrated enstatite chondrites (in µg/g). NA-not analyzed;
BD-below detection limits.
Sample Type ID Occurrence Mg Al Si P Ca Sc Ti V Cr Mn Fe Ni Cu Zn Ga
ALHA77295 EH3 S13 Isolated in matrix, + MgS 6219 114 BD BD 547054 24.4 BD BD 71.4 1275 BD BD BD 49.9 BD
ALHA77295 EH3 S14 Isolated in matrix 5917 BD BD 5671 550770 31.9 BD BD BD 1219 BD 3029 BD 125 BD
ALHA77295 EH3 S2 In MSN, + FeS, CrS 10000 BD BD 1623 550341 38 BD BD 108 1640 BD 963 15 103 BD
ALH 84170 EH3 S6-2 In MSN, + FeS, MgS, CrS 11079 BD BD 1164 546696 56.1 BD BD BD 2077 8615 610 7.13 BD 0.12
ALH 84170 EH3 S7 In MSN, +FeS, MgS, CrS 8264 BD BD 1396 542479 74.1 BD BD BD 1267 6363 993 8.47 21.8 BD
ALH 84206 EH3 S10 In MSN, +FeS 13092 1365 BD BD 545696 51 BD BD BD 1758 BD BD BD 35.1 BD
ALH 84206 EH3 S6 In MSN, + FeS, CrS, Schr 11819 BD BD 23119 537190 56.9 BD BD BD 2227 279803 21722 BD BD BD
MAC 88136 EL3 SB1 In MSN, +FeS, Schr 1886 BD BD BD 549126 BD BD BD BD 6713 BD BD 48.7 BD 7.92
MAC 88136 EL3 SB3 Isolated in matrix 6068 BD BD BD 551985 BD BD BD BD 9190 BD BD BD BD BD
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Table A.8. (continued)
Sample Type ID Sr Y Zr Nb Mo Mo Cs La Ce Nd Sm Eu Gd Ho Tm Yb Lu Hf Ta W
ALHA77295 EH3 S13 84.9 29.2 62.9 BD BD BD BD 11.2 18 12.1 2.66 4.08 2.72 0.94 0.41 10.1 0.67 0.1 BD BD
ALHA77295 EH3 S14 73.9 108 56.7 BD 2.58 BD 0.29 16.7 38.1 26.6 11.5 5.4 11 3.88 0.91 14.3 1.43 0.33 BD BD
ALHA77295 EH3 S2 79 9.16 43.7 BD 0.32 BD BD 9.4 13.6 6.38 4.03 3.74 2.05 BD 0.07 6.21 0.08 0.26 BD BD
ALH 84170 EH3 S6-2 93.5 37.9 95.4 BD 0.24 BD BD 14.7 30.2 19.7 7 4.67 6.78 1.37 0.33 13.6 0.62 0.64 BD BD
ALH 84170 EH3 S7 65.3 16.2 76.1 BD 0.23 BD BD 10.1 21.7 11.5 2.52 2.3 3.28 0.65 0.27 6.7 0.14 0.56 BD BD
ALH 84206 EH3 S10 89.4 74 53.7 BD 2.17 BD BD 17 32.3 18.7 6.35 4.14 8.41 2.1 1.46 12.7 0.32 1.26 BD BD
ALH 84206 EH3 S6 78.9 29.7 95.3 0.17 4.17 BD BD 24.6 44.8 41 5.28 3.93 7.51 0.9 0.28 13 0.92 0.33 BD 1.18
MAC 88136 EL3 SB1 80.4 81.8 5.7 BD BD BD BD 13.5 41.9 32.9 13 2.52 9.58 4.25 1.12 14.6 1.41 BD BD BD
MAC 88136 EL3 SB3 112 138 BD BD BD BD BD 20.3 70.7 51.6 BD 1.57 17.3 2.7 1.27 5.49 1.93 0.53 BD BD
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Table A.8. (continued)
Sample Type ID Au Pb Th U
ALHA77295 EH3 S13 BD 228 0.18 0.05
ALHA77295 EH3 S14 0.32 105 1.25 0.44
ALHA77295 EH3 S2 0.21 206 0.36 0.03
ALH 84170 EH3 S6-2 BD 280 0.76 0.2
ALH 84170 EH3 S7 BD 199 0.55 0.12
ALH 84206 EH3 S10 BD 218 0.96 0.16
ALH 84206 EH3 S6 BD 582 1.4 0.69
MAC 88136 EL3 SB1 BD 67 0.25 0.46
MAC 88136 EL3 SB3 BD 155 BD 0.66
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Table A.9. Chemical composition of niningerite from unequilibrated EH chondrites (in µg/g). Abbreviations: NA-not analyzed;
BD-below detection limits; MSN–metal-sulfide nodule.
Sample Type ID Occurrence Mg Al Si P Ca Sc Ti V Cr Mn Fe Ni Cu Zn Ga
ALHA77295 EH3 S5 In MSN, + CaS, FeS, silicate 208093 BD BD BD BD 44.7 41.2 BD 701 6453 123940 1265 20.4 63.4 BD
ALHA77295 EH3 S5 In MSN, + CaS, FeS, silicate 269889 382 BD 4615 77855 33.8 BD BD 379 5882 103940 35585 171 BD 2.07
ALHA77295 EH3 S7-2 In MSN, + FeS 314801 BD BD BD 5632 50.6 BD 7.19 7157 9705 120000 BD 31.2 165 BD
ALH 84170 EH3 S7 In MSN, + CaS, FeS, CrS 143306 BD BD 3006 5922 67.3 81.4 14.6 2952 BD 172840 1295 124 80.7 2.34
ALH 84206 EH3 S5-2 Isolated in matrix 39845 1152 BD BD 1042 15.6 BD 1.47 92.2 BD 116120 BD BD BD BD
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Table A.9. (continued)
Sample Type ID Sr Y Zr Nb Mo Mo Cs La Ce Nd Sm Eu Gd Ho Tm Yb Lu Hf Ta W
ALHA77295 EH3 S5 BD BD BD BD BD BD BD BD BD BD BD BD BD 0.08 BD 0.17 BD BD BD BD
ALHA77295 EH3 S5 7.09 13.1 4.49 0.08 BD BD BD 3.76 5.92 4.99 3.01 BD 2.4 0.56 0.1 1.06 0.58 0.06 0.02 BD
ALHA77295 EH3 S7-2 BD 0.92 57.8 BD 2.06 BD BD BD BD BD BD BD BD 0.17 0.04 0.17 0.17 0.14 BD BD
ALH 84170 EH3 S7 BD 0.11 5.64 0.16 BD BD 0.07 BD BD BD BD BD BD 0.02 BD 0.2 BD 0.14 BD BD
ALH 84206 EH3 S5-2 BD BD 0.75 BD BD BD BD BD 0.03 BD BD BD BD 0.02 BD BD BD 0.02 BD BD
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Table A.9. (continued)
Sample Type ID Au Pb Th U
ALHA77295 EH3 S5 BD BD BD BD
ALHA77295 EH3 S5 0.46 52.7 0.15 0.08
ALHA77295 EH3 S7-2 BD 1.91 BD BD
ALH 84170 EH3 S7 BD 0.18 BD BD
ALH 84206 EH3 S5-2 BD BD BD BD
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Table A.10. Chemical composition of refractory inclusions from CV carbonaceous chondrites (ug/g, otherwise noted). NA-not ana-
lyzed; BD-below detection limits.
Meteorite Type ID Object STD Na Mg Al Si Ca Sc Ti V Cr Fe Ni
(wt%) (wt%) (wt%) (wt%) (wt%)
RBT 04143 CV3 R7CAI01 Bulk spinel-rich CAI Ca 0.9 25.9 21.8 4.9 5.0 365.1 24868 3047 946 33311 483
RBT 04143 CV3 R1AOA03 Bulk anorthite-rich AOA Ca 0.4 57.4 3.8 15.0 4.6 28.6 2687 426 3187 47391 5179
RBT 04143 CV3 R4AOA45 Spinel-rich domain in spinel-rich AOA Ca BD 18.6 12.1 5.7 6.4 118 19344 1456 1860 27904 165
RBT 04143 CV3 R4AOA45 Ol-rich domain in spinel-rich AOA Si BD 39.0 1.1 8.2 2.5 11.7 2973 171 1399 49190 384
RBT 04143 CV3 R4AOA45 Ol-rich domain in spinel-rich AOA Si BD 37.1 0.8 8.2 2.6 20.6 2983 209 1837 52203 1863
RBT 04143 CV3 R3AOA18 Bulk olivine-rich AOA Si BD 14.6 0.3 2.8 0.3 3.9 294 24 181 5060 760
RBT 04143 CV3 R1AOA04 Forsterite-rich core of olivine-rich AOA Si 0.1 42.9 0.8 8.2 1.0 13.7 950 111 1107 69948 4938
RBT 04143 CV3 R1AOA01 Bulk olivine-rich AOA Si 0.3 38.5 1.1 8.3 1.4 24.8 2013 127 1248 85391 523
RBT 04143 CV3 R1AOA06 Forsterite-rich mantle of olivine-rich AOA Si 0.1 34.2 1.1 7.1 1.1 9.7 721 108 2375 53618 3234
Allende CV3 3529-63-RR1 Bulk melilite-rich (type A) CAI Ti 0.2 10.2 34.7 36.7 9.8 NA 5257 NA 3295 1840 NA
Allende CV3 3529-61-RR1 Bulk spinel, anorthite-rich CAI Ti 0.1 11.0 43.1 22.0 14.8 NA 5376 NA 778 3324 NA
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Table A.10. (continued)
Meteorite Type ID Y Zr Nb Ba La Ce Pr Nd Sm Eu Eu Gd Tb Dy Ho Er
RBT 04143 CV3 R7CAI01 60.19 232.66 7.539 6.91 8.803 19.200 4.230 22.873 6.850 0.271 0.345 8.210 1.414 9.723 2.213 6.421
RBT 04143 CV3 R1AOA03 6.27 16.45 0.729 22.14 1.402 5.616 0.476 2.556 0.721 0.447 0.656 0.739 0.143 1.139 0.196 0.732
RBT 04143 CV3 R4AOA45 10.94 25.47 1.424 1.28 3.237 12.890 1.965 9.062 4.872 0.119 0.217 3.725 0.705 3.700 0.609 1.545
RBT 04143 CV3 R4AOA45 1.66 1.64 0.415 0.61 1.008 3.638 0.434 1.918 0.229 0.104 0.077 0.449 0.088 0.509 0.098 0.161
RBT 04143 CV3 R4AOA45 4.13 3.37 0.29 BD 1.058 3.220 0.541 1.872 0.838 0.081 0.073 0.823 0.196 1.090 0.181 0.593
RBT 04143 CV3 R3AOA18 0.87 1.99 0.221 1.61 0.152 0.348 0.060 0.307 0.092 0.036 0.008 0.090 0.011 0.147 0.023 0.076
RBT 04143 CV3 R1AOA04 3.32 8.96 1.531 BD 0.470 1.558 0.169 BD 0.270 0.132 0.157 0.490 0.074 0.618 0.099 0.312
RBT 04143 CV3 R1AOA01 6.04 16.02 0.888 7.34 0.954 2.711 0.400 2.275 0.707 0.051 0.102 0.885 0.134 1.018 0.226 0.710
RBT 04143 CV3 R1AOA06 2.01 6.24 0.593 5.48 0.423 1.157 0.130 0.629 0.229 0.116 0.100 0.240 0.045 0.346 0.069 0.200
Allende CV3 3529-63-RR1 NA 17.15 2.45 NA NA NA NA NA NA NA NA NA NA NA NA NA
Allende CV3 3529-61-RR1 NA 8.2 1.309 NA NA NA NA NA NA NA NA NA NA NA NA NA
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Table A.10. (continued)
Meteorite Type ID Hf Tm Yb Lu Ta W Th U
RBT 04143 CV3 R7CAI01 5.813 0.909 3.738 1.196 0.833 2.657 1.548 0.119
RBT 04143 CV3 R1AOA03 0.402 0.098 0.798 0.115 0.074 0.470 0.148 0.045
RBT 04143 CV3 R4AOA45 0.743 0.667 3.860 0.061 0.313 0.063 0.648 0.139
RBT 04143 CV3 R4AOA45 0.016 0.127 0.803 0.024 0.054 0.059 0.114 0.059
RBT 04143 CV3 R4AOA45 0.068 0.124 0.808 0.000 0.096 0.071 0.184 0.021
RBT 04143 CV3 R3AOA18 0.037 0.007 0.015 0.019 0.012 0.054 0.023 0.010
RBT 04143 CV3 R1AOA04 0.245 BD 0.448 0.046 0.041 0.304 BD BD
RBT 04143 CV3 R1AOA01 0.485 0.106 0.715 0.087 0.049 0.165 0.129 0.025
RBT 04143 CV3 R1AOA06 0.155 0.035 0.198 0.033 0.025 0.357 0.058 0.012
Allende CV3 3529-63-RR1 0.343 NA NA NA 0.571 NA NA NA
Allende CV3 3529-61-RR1 0.127 NA NA NA 0.611 NA NA NA
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Table A.11. Summary of element ratios
of chondrules from unequilibrated enstatite
(EC), ordinary (OC), and carbonaceous (CC)
chondrites.
Nb/Ta Average 1σ 1σm Median N
EC 13.4 14.5 1.6 13.5 87
OC 20.9 14.0 1.7 20.7 66
CC 17.7 12.5 1.5 17.1 70
Nb/La Average 1σ 1σm Median N
EC 0.69 1.31 0.13 0.53 101
OC 1.41 0.94 0.12 1.30 66
CC 1.09 0.69 0.08 1.14 66
Zr/Hf Average 1σ 1σm Median N
EC 30.0 15.1 1.5 30.9 101
OC 35.2 9.4 1.0 35 85
CC 34 6.9 0.8 34.4 71
Y/Ho Average 1σ 1σm Median N
EC 25.8 7.4 0.7 25.7 101
OC 26.2 5.8 0.3 26.3 293
CC 26.2 4.2 0.4 26.3 118
Sm/Nd Average 1σ 1σm Median N
EC 0.28 0.21 0.02 0.29 97
OC 0.33 0.09 0.01 0.33 193
CC 0.33 0.04 0,00 0.33 94
Al/Ti Average 1σ 1σm Median N
EC 33.3 34.5 3.1 30.1 128
OC 18.5 18.9 0.8 17.1 537
CC 15.3 16.2 0.7 14.3 499
Ca/Al Average 1σ 1σm Median N
EC 0.85 0.89 0.06 0.76 214
OC 1.11 0.94 0.03 1.08 861
CC 1.10 0.88 0.03 1.03 687
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A.5 Sources of chondrule data
Here we provide a list of sources of literature chondrule data used to produce Figure 2.4.
Most of these literature data are obtained through the online database MetBase (https://
metbase.org/).
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A.6 Preliminary results of solution ICP-MSanalyses of bulk enstatite chon-
drites
A.6.1 Introduction
In order to understand bulk rock-scale RLE fractionation in enstatite chondrites, we mea-
sured chemical compositions of bulk unequilibrated EH (ALHA77295, ALH 84206 and ALH
84170) and EL chondrites (MAC 88136 and ALH 85119) using a solution ICP-MS technique.
We applied new sample digestion and quantification methods developed by Kagami (2019) and
Yokoyama et al. (2017). Since the sample digestion and measurement procedures include some
unpublished methods (Kagami, 2019; Kagami and Yokoyama, submitted), we treat results of the
solution ICP-MS analyses as preliminary data.
A.6.2 Bulk sample preparation
The entire bulk-rock digestion procedure was carried out in a class 100 clean room condition
at Tokyo Institute of Technology (TITech). Given different precipitation/dissolution behavior of
HFSE and REE in HF acid solution (e.g., Makishima et al., 2009), we prepared separate sample
solutions for determination of HFSE and REE abundances in the meteorite samples.
To remove terrestrial contaminations, five enstatite chondrite samples were cleaned with
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acetone in an ultrasonic bath for 30 minutes, rinsed with ultrapure water (18.2 MΩ cm grade)
prepared using the Milli-Q Integral 5 water purification system (Merck Millipore, Darmstadt,
Germany) in an ultrasonic bath for 30 minutes, and then dried on a hotplate at 70 ◦C for 17
hours. Each sample chip was ground to a fine powder using an agate mortar and pestle which
were pre-cleaned with electronics industry (EL)-grade 2M HCl (Mitsubishi Chemical, Tokyo,
Japan), Milli-Q water and natural and synthetic SiO2 powder. Two aliquots (∼25 mg) of each
sample were weighed in Teflon vessels (7 ml vol) and ∼130 mg of 113In-203Tl spike (In = 1.50
µg g−1 (113In = 89.76%) and Tl = 1.05 µg g−1 (203Tl = 97.10%) dissolved in 10% distilled HNO3)
and ∼50 mg of 91Zr-179Hf spike (Zr = 12.5 µg g−1 (91Zr = 94.59%) and Hf = 0.4 µg g−1 (179Hf
= 86.87%) dissolved in 0.5M distilled HF) were added in this order (Lu et al., 2007; Yokoyama
et al., 2017). To avoid incomplete recovery of HFSE due to coprecipitation in fluoride com-
pounds, 0.4 mL Al-solution (10,000 µg g−1, Agilent Technologies, Santa Clara, CA, US) were
added (Tanaka et al., 2003). Two blank samples were also prepared by the same procedures.
All samples were dissolved in mixtures of 0.3 mL atomic absorption spectrometry (AAS)-
grade concentrated HF (Kanto Chemical, Tokyo, Japan) and 0.3 mL EL-grade concentrated
HNO3 (Mitsubishi Chemical) and agitated using the ultrasonic bath for 60 minutes. The samples
were then heated for 15 hours and evaporated to dryness at 120 ◦C for 3 hours using the hotplate.
The dried samples were re-dissolved with 0.3 mL concentrated HCl and 0.3 mL HNO3, agitated
in the ultrasonic bath for 60 minutes, and heated at 180 ◦C for 17 hours. The samples were then
dried at 120 ◦C for 3 hours. Subsequently, concentrated HF (0.7 mL) and HNO3 (0.3 mL) were
added to the samples, and they were repeatedly agitated and heated at 180 ◦C for 10 nights. The
samples were then heated at 120 ◦C to dryness.
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A 5 mL of 0.5M HF were mixed into the samples, and they were repeatedly agitated using
the ultrasonic bath and heated at 120 ◦C on the hot plate for 2–3 hours. When white particles
of insoluble fluorides were disappeared and the solution appeared to be homogeneous, 2 mL of
aliquot was isolated and centrifuged at 10,000 rpm for 25 min. A 1 mL of supernatant solution is
then separated, dried and shipped to University of Maryland (UMd) for measurements of HFSE
composition. The rest of solution were used for HFSE measurement at TITech.
The rest of the sample solution (3 mL) was transferred to a new beaker and dried on the hot-
plate. A 0.3mL of TAMAPUREAA-100-grade concentratedHClO4 (TamaChemical, Kawasaki,
Japan) and 0.7 mL ofMilli-Qwater were then added to the beaker andmixed well. Subsequently,
the sample was dried at 120 ◦C for 10 hours, 165 ◦C for 12 hours and 205 ◦C for 16 hours. This
HClO4 attack procedure was repeated twice. After that, 1 mL 6M HCl was added and sample
was heated at 120 ◦C for 20 hours, and then dried at 120 ◦C. Then the sample was dissolved
into 1.8 mL of 0.5M HNO3 and divided into two aliquots for measurement at UMd and TITech,
respectively.
As a reference material, 25 mg of basaltic rock standard JB-3 (Geological Survey of Japan,
split 9, position 103) was mixed with ∼130 mg of 113In-203Tl spike and ∼170 mg of 91Zr-179Hf
spike. The powder was dissolved in concentrated HF (0.3 mL)-HNO3 (0.3 mL) and agitated
in the ultrasonic bath for 60 minutes. The reference material was then heated for 15 hours and
evaporated to dryness at 120 ◦C for 3 hours using the hotplate. Then, the procedures described
above were also applied to JB-3.
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A.6.3 Solution inductively coupled plasma mass spectrometry (ICP-MS)
To determine elemental abundances in the meteorite samples, the prepared solutions were
analyzed using ICP-MS instruments at UMd and TITech.
At UMd, elemental abundance in the samples was determined using a Thermo Finnigan
Element2 single-collector ICP-MS under operation conditions summarized in Table A.12. The
ICP-MS instrument was warmed up for 2 hours after plasma ignition. Prior to measurements,
the ion lenses and ICP-MS torch position were tuned to maximize signal (based on 45Sc, 115In
and 238U spectra) and minimize oxide production (238U16O/238U < 2.0%) while running on a
tune solution. At TITech, a Thermo Scientific X Series 2 Q-pole ICP-MS was employed with
conditions described in Table A.13 to measure elements in the sample solutions. The instrument
was allowed to warm up for at least 2 hours after plasma ignition. The ion optics and torch
position were tuned to achieve the maximum signals of 7Li, 54Co, 115In and 238U and minimum
oxide production (140Ce16O/146Ce < 2.5%).
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Table A.12. Conditions for solution ICP-MS analysis at University of Maryland.
Thermo Finnigan Element2 single-collector, sector field ICP-MS
Forward power 1265 W
HV 8 kV
Number of pre-scans 1
Active dead time 18 ns
Cool gas flow 16 L/min Ar
Auxiliary gas flow 1.05 L/min Ar
Sample gas flow 1.040 L/min Ar





Nebulizer PFA-ST MicroFlow Nebulizer (Elemental Scientific)
Spray chamber Cyclonic, O-ring free, made of quartz
Spray chamber heater/cooler Apex IR (Elemental Scientific), 140 ◦C /4 ◦C
Sample uptake rate ∼100 µl/min
Uptake time 1.5 min
Detection mode Analog and pulse counting
Dwell time 120 s data acquisition (10 ms integration/sample) for HFSE (LR);
260 s data acquisition (10 ms integration/sample) for HFSE (MR);
350 s data acquisition (5–10 ms integration/sample) for REE
Samples/peak 10





Resolution (M/∆M) 3000 (MR) for masses 47, 49, 51, 90, 91 and 93;
300 (LR) for other masses
Washtime 2 min
Oxide forming rate 238U16O/238U < 2.0%
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Table A.13. Conditions for solution ICP-MS analysis at Tokyo Institute of Technology.
Thermo Scientific X Series 2 Q-pole ICP-MS
Forward power 1400 W
Number of pre-scans 0
Active dead time 38 ns
Cool gas flow 13 L/min Ar
Auxiliary gas flow 0.9–1.0 L/min Ar
Sample gas flow 0.9–1.0 L/min Ar
Autosampler ASX-112FR (CETAC Technologies)
Torch Quartz
Injector Sapphire (for HFSE); Quartz (for REE)
Skimmer cone Pt (for HFSE); Ni, Xt (for REE)
Sampling cone Pt (for HFSE); Ni (for REE)
Nebulizer PFA-ST MicroFlow Nebulizer (Elemental Scientific)
Spray chamber Cyclonic, O-ring free, made of Teflon (for HFSE);
made of quartz (for REE)
Spray chamber cooler PC3 Peltier Cooler (Elemental Scientific), 2 ◦C
Sample uptake rate ∼750 µl/min
Uptake time 25 sec
Detection mode Pulse counting
Dwell time 30 s data acquisition (30 ms integration / sample) (for HFSE)
130 s data acquisition (30 ms integration / sample) (for REE)
Samples/peak 3




Oxide forming rate 140Ce16O/140Ce < 2.5%
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For determination of HFSE and Ti abundances, the analytical protocol described in Mak-
ishima and Nakamura (2006) and Lu et al. (2007) were used. Here we outline the entire proce-
dure. Concentrations of Zr and Hf in sample solutions were determined by the isotope dilution
(ID) technique, using the mixed 91Zr-179Hf spike solution. Niobium and Ta were determined
as 91Zr/93Nb and 179Hf/180Ta ratios relative to a solution of reference material JB-3 (ID-internal
standardization (IS) method). Abundances of Ti are determined based on an intensity ratio of
TTi (= 47Ti + 49Ti)/93Nb. Zr-Hf solutions with natural isotopic compositions were prepared from
the standard solutions (Specpure® ICP-MS General Standards, Alfa AESAR, Thermo Fischer
Scientific, at UMd; AAS-grade standard solutions, Kanto Chemial, at TITech) and measured
to determine mass fractionation factors of 91Zr/90Zr and 179Hf/178Hf ratios during the measure-
ments.
Abundance of the rest of elements (e.g., REE, Sc, Y) were determined by the ID-IS technique
(Yokoyama et al., 2017). In short, the concentration of two spiked isotopes (113In and 203Tl) were
determined by ID, and their intensities were used as an internal standard to determine abundance
of other elements. Mass-dependent sensitivity variation was corrected using these two internal
standards. In order to correct for oxide and hydroxide interferences, three types of solutions
(Ba + Pr + Tb, Ce + Nd, and Gd, respectively) were prepared from standard solutions of these
elements. In-Tl solutions with natural isotopic compositions were prepared from the standard
solutions and measured to determine mass fractionation factors of 113In/115In and 203Tl/205Tl
ratios during the ICP-MS analyses.
The working values for the basaltic rock standard JB-3 is determined based on compilation
of data from literatures (Table A.14). Element abundances in the unknown samples are given
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relative to the JB-3 working values. Repeated measurements of four replicate JB-3 solutions
resulted in good reproducibilities (1σ < 5% for most elements).
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Table A.14. Working values (µg/g) for the reference material JB-3 and result
for repeated ICP-MS analyses of the replicate samples (Mean for n = 18).
Abundances of Ti are determined based on an intensity of TTi = 47Ti + 49Ti
(Lu et al., 2007). Zr and Hf concentrations are determined by isotope dilution.
Element Mass Session Working value Mean Diff.% RSD%
Ca 43 REE 69938 74037 6 7
Sc 45 REE 33.8 34.2 1 6
Ti 47, 49 HFSE 8595 8625 0 3
V 51 HFSE 383 388 1 4
Sr 86 REE 410 407 −1 4
Y 89 REE 25.9 26.0 0 3
Zr 90, 91 HFSE 94.9 96.0 1 4
Nb 93 HFSE 2.13 2.14 0 4
Cs 133 REE 0.918 0.933 2 2
Ba 135 REE 239 245 2 2
La 139 REE 8.33 8.56 3 2
Ce 140 REE 21.2 21.7 2 2
Pr 141 REE 3.21 3.24 1 2
Nd 146 REE 15.6 15.7 1 2
Sm 147 REE 4.24 4.25 0 2
Eu 151 REE 1.31 1.32 1 3
Gd 157 REE 4.48 4.61 3 2
Tb 159 REE 0.743 0.752 1 1
Dy 163 REE 4.54 4.55 0 1
Ho 165 REE 0.922 0.925 0 1
Er 166 REE 2.60 2.62 1 2
Tm 169 REE 0.391 0.391 0 2
Yb 172 REE 2.52 2.54 1 2
Lu 175 REE 0.378 0.376 0 2
Hf 178, 179 HFSE 2.70 2.74 2 3
Ta 181 HFSE 0.139 0.138 0 6
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A.6.4 Results and discussion
There is ∼10% variation in Nb/RLE values in bulk chondrites, even without considering CV
chondrites (Figure A.7 and Table A.15). These findings place limits on the use of the constant
RLE ratio rule when estimating planetary composition, but enables us to constrain the building
materials of a planet based on its RLE composition. Among the three major chondrite classes,
EC have the closest compositional match for Nb/RLE ratios to the terrestrial values, whereas
those in CC are distinctly different from the Earth’s, indicating a close genetic link between
Earth and EC, as suggested by many isotope systems (e.g., Dauphas, 2017).
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Figure A.7. Refractory lithophile element ratios of unmetamorphosed, bulk enstatite (green),
ordinary (orange) and carbonaceous (blue) chondrites. Colored box and inside solid line repre-
sent mean ±2σm values for each chondrite groups. Gray box and inside solid line correspond
mean ±2σm for the Orgueil CI chondrite (Barrat et al., 2012). For Al/Ti ratio, data for metamor-
phosed enstatite chondrites are also shown and used to calculate the mean ±2σm value, since the
number of available data for type 3 enstatite chondrites are limited. Literature data are obtained
from the online MetBase database (https://metbase.org/).
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Table A.15. Bulk chemical composition of unequilibrated enstatite chondrites (in µg/g).
Sample Type Solution# Type Ca Sc Ti V Sr Y Zr Nb La Ce Pr Nd
ALHA77295 EH3 1 EH3 11194 6.74 330 48.3 8.27 1.82 2.86 0.228 0.262 0.634 0.101 0.512
ALHA77295 EH3 2 EH3 8783 6.77 346 51.8 7.91 1.54 3.07 0.241 0.228 0.644 0.088 0.445
ALH 81470 EH3 1 EH3 6221 4.73 318 47.1 6.5 1.35 2.77 0.237 0.238 0.658 0.093 0.479
ALH 81470 EH3 2 EH3 7869 5.93 322 46.2 6.97 1.69 2.84 0.231 0.217 0.617 0.085 0.424
ALH 84206 EH3 1 EH3 7514 5.95 329 44.6 7.33 1.43 2.95 0.232 0.222 0.66 0.09 0.453
ALH 84206 EH3 2 EH3 5735 4.46 329 46.5 6.5 1.33 2.92 0.256 0.237 0.696 0.094 0.483
ALH 85119 EL3 1 EL3 10516 6.59 408 52.9 8.51 2.00 3.42 0.293 0.317 0.921 0.126 0.636
ALH 85119 EL3 2 EL3 8881 5.87 454 58.3 7.81 1.85 3.84 0.299 0.309 0.905 0.122 0.609
MAC 88136 EL3 1 EL3 8921 6.64 394 48.9 7.73 1.61 3.47 0.274 0.248 0.724 0.100 0.502
MAC 88136 EL3 2 EL3 9200 5.93 356 43.000 7.58 1.69 3.17 0.244 0.26 0.749 0.104 0.534
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Table A.15. (continued)
Sample Type Solution# Type Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta
ALHA77295 EH3 1 EH3 0.177 0.066 0.234 0.042 0.297 0.064 0.192 0.031 0.206 0.033 0.086 0.012
ALHA77295 EH3 2 EH3 0.145 0.056 0.197 0.035 0.252 0.053 0.160 0.026 0.17 0.027 0.093 0.014
ALH 81470 EH3 1 EH3 0.157 0.063 0.224 0.04 0.288 0.061 0.182 0.029 0.198 0.030 0.083 0.012
ALH 81470 EH3 2 EH3 0.141 0.073 0.198 0.034 0.25 0.053 0.155 0.025 0.163 0.026 0.084 0.013
ALH 84206 EH3 1 EH3 0.145 0.059 0.207 0.037 0.264 0.056 0.167 0.027 0.173 0.028 0.088 0.013
ALH 84206 EH3 2 EH3 0.159 0.063 0.238 0.043 0.307 0.065 0.190 0.031 0.201 0.033 0.084 0.014
ALH 85119 EL3 1 EL3 0.212 0.076 0.289 0.052 0.366 0.078 0.232 0.037 0.249 0.038 0.100 0.018
ALH 85119 EL3 2 EL3 0.204 0.073 0.281 0.052 0.366 0.079 0.237 0.037 0.253 0.038 0.113 0.019
MAC 88136 EL3 1 EL3 0.167 0.064 0.233 0.041 0.291 0.062 0.185 0.029 0.195 0.03 0.105 0.016
MAC 88136 EL3 2 EL3 0.176 0.069 0.251 0.045 0.321 0.070 0.208 0.033 0.227 0.035 0.094 0.014
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Ratios of other geochemical twins, like Y/Ho and Zr/Hf, are also not constant between chon-
drites classes (Pack et al., 2007; Patzer et al., 2010), which demonstrates the limits to the ap-
plication of the constant RLE ratio rule. It might be argued that there is no meteorite group
which is chemically identical in RLE ratios as that of the Earth. Further investigations of RLE
in meteoritic and terrestrial samples, including determination of Nb/Ta ratio of unequilibrated
OC, can provide new insights into the origin of these heterogeneities in the protoplanetary disk.
In turn these studies can be used as a new guide to constraining the composition of planetary
building materials.
These above studies begin to document that variations in ratios of RLE can be linked with
isotopic systematics that establish theWarren Gap and document compositional heterogeneities
in the early solar system. Moreover, to understand the details of terrestrial geochemistry we
endorse the idea (Dauphas and Pourmand, 2015) that CC in general and CI chondrite specifically
are not appropriate for normalizing refractory element abundances.
Compositional modeling of the bulk Earth (BE) requires identifying which elements are
hosted in BSE versus the core, which is done by comparing the chemical composition of the ac-
cessible parts of the Earth (crust and mantle) and undifferentiated chondritic meteorites. How-
ever, it is recognized that elements show different behaviors (siderophile, chalcophile, lithophile)
in the solar nebula and during differentiation of a planet. Thus, combined geochemical and iso-
topic studies of chondritic and non-chondritic meteorites coupled with similar such studies of
mantle samples andmantle-derived melts, are required to determine the composition of the BSE,
which remains the best avenue for establishing the bulk Earth’s composition.
A comparison of chondritic ratios with that observed in primitive samples of the Earth’s
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mantle and its melts is given in Figure A.8. We highlight the composition of sample 49J, an
Al-undepleted Barberton komatiite, which is a least altered, Paleoarchean mantle-derived melt
having an exceptionally primitive composition (Sossi et al., 2016a) that samples a primitive
mantle-like composition (e.g., Sun and Nesbitt, 1978). The coincidence of Al/Ti, Ti/Sc, and
Nb/Ta in 49J and the values for EC is notable. The offset between 49J and EC for Nb/La may
reflect differences in the relative incompatibility of these elements, source depletion due to con-
tinental crust extraction, and/or differences between the Earth and enstatite chondrites. The data
for komatiites and peridotites straddle the chondritic values for Ti/Sc and Al/Ti, reflecting melt-
residue differentiation processes.
Thus, the inner (e.g., Earth and NC-group meteorites) and outer solar system materials (CC-
group meteorites) are likely to be distinctive, not only in isotopic composition (Warren, 2011)
and redox state (Figure 2.1), but also in RLE composition. The higher Nb/Ta ratio of the bulk
silicate Mars (20.1 ± 0.9; Münker et al., 2003) indicates that Mars incorporated less EC-like
material than Earth, which is consistent with multiple isotopic systematics (e.g., Dauphas, 2017).
Primitive EC and the Moon have a similar Nb/Ta ratio (17.6 ± 0.6 and 17.0 ± 0.8, respectively:
this study; Münker et al., 2003), in harmony with the isotopic constraints that predict such an
EC-like composition for the giant impactor that formed the Moon (e.g., Dauphas, 2017).
Sulfide-silicate separation under highly reduced conditions, as in some regions of the neb-
ular disk, may fractionate RLE in the early solar system. Sub-solar Fe/Si values seen in most
chondrite groups, except for CI and EH chondrites (Figure 2.1), document metal-silicate frac-
tionation processes in the nebular disk. Likewise, it has been postulated that most chondritic
asteroids preferentially sample the silicate-rich portion of nebular materials (e.g., Wurm et al.,
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Figure A.8. Comparison of refractory lithophile element ratio of the bulk silicate Earth (data
from the PetDB database (http://www.earthchem.org/)). and enstatite chondrites. Lines
and boxes are as in Figure A.7. Red stars shows composition of the least altered komatiite 49J
from Barberton, South Africa (Sossi et al., 2016a), which might be close to the primitive mantle
composition (e.g., Sun and Nesbitt, 1978; Sossi et al., 2016a).
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2013). Some amount of RLE fractionation (Figures 2.4 and A.7) may have been caused by sep-
aration of RLE-bearing sulfides from the solar-like reservoir in the nebular disk. Since only
sulfides formed under highly reduced conditions can contain significant amounts of RLE (e.g.,
this study; Schrader et al., 2018), the bulk OC and CC composition is not affected by this pro-
cess. Finally, given accretion of different chondrite groups took place in distinct time and/or
space settings in the protoplanetary disk, we predict there to have been spatial and/or temporal
variation in RLE ratios in the chondrite forming regions.
A.6.5 Effects of parent body processes on RLE composition of enstatite chon-
drites
Figure A.9 compares RLE ratio of enstatite chondrite with various petrologic grade. There
are resolvable differences in Ti/Zr and Zr/Hf ratios between highly equilibrated EL6 chondrites
and the primitive EC (EH3 and EL3). In both cases, the equilibrated samples show larger de-
viation from the CI composition (Barrat et al., 2012), indicating modification of these ratios
during parent body processes such as shock heating, incomplete melting and subsolidus anneal-
ing (e.g., Rubin et al., 2009 and references therein). Thus, we attribute the low Zr/Hf ratios of
the EL6 samples to the parent body metamorphism, rather than fractional condensation in the
early solar nebula (Patzer et al., 2010). Removal of sulfide with high Zr/Hf such as oldhamite
(Barrat et al., 2014; Lehner et al., 2014) during parent body processes can explain the low Zr/Hf
of the bulk EL6 chondrite, in addition to its low Ca- and REE-depletion (e.g., Kallemeyn and
Wasson, 1986; Rubin et al., 2009). CI-like Al/Ti and Nb/La in EL6 indicate that removal of Ti,
Nb-bearing troilite (Figure 2.8) is unlikely for the origin of the low bulk Zr/Hf ratio. The origin
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of low Ti/Zr of EL6 is enigmatic, but it should be noted that all of the four available Ti/Zr ratios
for EL6 was obtained by von Michaelis et al. (1968), who reported 15–30% lower values for all
chondrite classes compared to that reported by other literatures. Importantly, the primitive ko-
matiite 49J (Sossi et al., 2016a) and primitive EC shows similar Ti/Zr (∼110; Figure A.9). These
observations suggest that the unequilibrated type 3 enstatite chondrites are more likely candi-
date for the building blocks of the Earth compared to the equilibrated ones that have chemically
modified during thermal metamorphism processes (Boyet et al., 2018).
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Figure A.9. Refractory lithophile element ratios of bulk enstatite chondrites. Colored box and
inside solid line represent mean ±2σm values for each chondrite groups. Gray box and inside
solid line correspond mean ±2σm for the Orgueil CI chondrite (Barrat et al., 2012). Sources of
literature data are available as supplementary information.
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Appendix B
Supplementary materials of Chapter 3
B.1 Introduction
The supporting information contain a list of data sources of martian meteorite compositions
and supplementary tables.
B.2 List of data sources of martian meteorite compositions
Here we provide a list of data sources of martian meteorite compositions used in this study.
Most of these literature data are summarized by the martian Meteorite Compendium (Righter,
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Table B.1. Mean chemical compositions of basaltic shergottites. Units are ppm (µg/g), otherwise noted. NA–not available.
Sample Type Li Be B F Na Mg Al Si P S Cl K Ca Sc Ti V Cr Mn Fe Co
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
Dho 378 SHE-B NA NA NA NA 1.77 3.32 6.24 22.9 0.41 NA NA 0.15 7.32 43.7 0.63 NA 267 0.35 14.1 29.3
EETA79001-B SHE-B 2.21 NA NA 30.9 1.3 3.91 5.97 23.2 0.56 NA NA 0.06 7.71 46.8 0.75 172 852 0.33 13.6 29.3
JaH 479 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Los Angeles SHE-B 5.02 0.47 6.3 NA 1.52 2.79 5.25 22.8 0.49 1200 NA 0.2 7.34 49.8 0.66 300 224 0.39 16.4 31.8
NWA 2800 SHE-B 3 NA 1.3 NA 1.85 4.32 NA 24 0.22 400 NA 0.06 7.26 38 0.16 175 306 0.3 10.3 30
NWA 2975-2986-2987-4864-4878-488 SHE-B 4.43 NA 6.8 NA 1.22 5.68 4.58 22.5 0.25 NA NA 0.06 9.34 56.2 0.38 289 775 0.27 12.3 33.9
NWA 3171 SHE-B 8.05 NA 13.2 NA 0.98 5.06 3.79 23.4 0.36 NA NA 0.18 8.31 67.1 0.52 360 1548 0.38 13.3 39.2
NWA 4480 SHE-B NA NA NA NA 1.28 3.76 6.63 21.1 0.71 NA NA 0.11 6.75 39.7 0.86 NA 1027 0.35 15.6 NA
NWA 480-1460 SHE-B 2.93 0.21 NA NA 0.93 6.07 3.42 NA NA NA NA 0.08 6.66 28 0.7 202 2121 0.39 15.1 37.6
NWA 5214 SHE-B 5 NA 4.7 NA 1.11 5.08 3.44 22.2 0.63 300 NA 0.28 8.86 73 0.52 320 832 0.44 16 37
NWA 5298 SHE-B 5.53 NA 9.8 NA 1.2 4.23 4.46 22.6 0.5 NA NA 0.19 7.5 53.2 0.67 257 905 0.38 14.7 35.4
NWA 5718 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 7032-7272 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 7042 SHE-B 5.73 NA 12.9 NA 0.54 10.77 2.4 20 0.39 NA NA 0.05 6.21 37.1 0.47 229 4382 0.41 16.2 62.6
NWA 7257 SHE-B 5.09 NA 10.3 NA 0.69 6.05 2.33 22.5 0.66 NA NA 0.2 6.93 52.3 0.77 264 1375 0.45 16.3 41.3
NWA 856 SHE-B 4.06 0.36 NA NA 0.95 5.73 3.61 NA NA NA NA 0.11 7.3 54.9 0.49 295 3652 0.39 13 39.7
NWA 8656 SHE-B 7.36 NA 5.2 NA 1.44 6.28 3.96 20.2 0.49 NA NA 0.17 10.09 63 0.61 363 1112 0.24 14.3 40.2
QUE 94201 SHE-B NA NA NA 40 1.17 3.63 5.61 21.6 1.35 NA 91 0.04 7.85 47.1 1.09 106 940 0.37 14.8 22.6
Shergotty SHE-B 4.25 NA 6.9 76.1 0.96 5.67 3.45 23.6 0.28 700 51 0.14 7.1 53.1 0.5 309 1820 0.39 14.8 41.1
Zag 289 SHE-B 4 NA 23.9 NA 0.89 7.13 2.46 23.5 0.32 400 NA 0.17 8.34 72 0.4 339 2187 0.46 14.2 41
Zagami SHE-B 3.91 NA 4.7 NA 0.75 6.85 2.91 23.8 0.26 1700 NA 0.11 7.3 57.4 0.46 305 1935 0.41 14.4 38.3
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Table B.1. (continued)
Sample Type Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr Nb Mo Ru Rh Pd Ag Cd In
Dho 378 SHE-B NA NA 77 23.6 NA NA NA 0.89 NA 120 NA NA NA NA NA NA NA NA NA NA
EETA79001-B SHE-B 27.4 NA 90.7 25.8 0.79 0.02 0.88 0.4 1.78 43 27.8 74.6 1.66 NA NA NA NA 6.3 70 68
JaH 479 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Los Angeles SHE-B 37.3 18.3 80.1 21.4 1.31 0.07 0.1 NA 12 72 19.7 73.8 3.89 NA NA 2 NA 174 NA 39
NWA 2800 SHE-B 54 3.7 49 17.8 0.92 0.05 0.2 NA 0.5 80 10 7 0.38 NA NA NA NA 8 NA 15
NWA 2975-2986-2987-4864-4878-488 SHE-B 53.9 9.8 67.5 17.1 1.62 NA 0.05 NA 4.63 64 13.3 42.5 2.67 0.05 NA NA NA NA NA NA
NWA 3171 SHE-B 68.9 12.7 87.2 18.3 1.8 NA 0.06 NA 7.51 76 22.2 70.2 4.64 0.23 NA NA NA NA NA NA
NWA 4480 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 480-1460 SHE-B 63 17.6 64 16.3 NA NA NA NA 2.52 51 16.5 58.7 1.99 NA NA NA NA NA NA NA
NWA 5214 SHE-B 51 13.8 81 17 1.36 0.35 0.4 NA 17.7 63 29 74 4.06 NA NA NA NA 7 NA 69
NWA 5298 SHE-B 46.3 11.4 91.5 22.1 1.89 NA 0.09 NA 8.26 80 27.1 102.5 6.93 0.14 NA NA NA NA NA NA
NWA 5718 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 7032-7272 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 7042 SHE-B 210.1 10.7 74 13.8 2.04 NA 0.09 NA 1.03 76 13.4 37.3 1.22 0.14 NA NA NA NA NA NA
NWA 7257 SHE-B 82.7 14.8 97.5 17 1.99 NA 0.08 NA 10.05 55 30.3 115 6.74 0.14 NA NA NA NA NA NA
NWA 856 SHE-B 79.7 14 62.6 14.7 NA 0.18 NA 2.64 7.22 52 18.8 65.9 3.37 NA NA NA NA NA NA NA
NWA 8656 SHE-B 59.3 15.7 82 17.7 1.83 NA 0.11 NA 6.4 69 22.1 60.6 4.52 NA NA NA NA NA NA NA
QUE 94201 SHE-B 92.2 NA 92.7 26.1 1.95 0.77 2.05 0.41 3.71 60 31.2 107.7 0.68 NA NA NA NA 3.5 52.6 76.7
Shergotty SHE-B 74.5 17.1 70.2 15.4 0.75 0.03 0.4 0.94 6.57 43 15.1 61.9 9.52 0.69 13 2 1.7 102.7 91.48 27.63
Zag 289 SHE-B 94 NA 75 12 0.82 0.09 0.3 NA 10.3 36 19 72 3.55 NA NA 2 38 27 740 26
Zagami SHE-B 84.2 14 66 12.4 0.82 0.07 0.34 0.79 6.37 40 13.1 59.1 3.25 0.53 NA 2 1.8 129.4 93 25.16
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Table B.1. (continued)
Sample Type Sn Sb Te I Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Dho 378 SHE-B NA NA NA NA 0.4 33 1.64 4.17 NA 2.7 1.13 0.63 1.9 0.35 2.3 0.51 NA NA 1.27 0.2
EETA79001-B SHE-B NA 16 7.4 0.96 0.14 13 0.92 2.34 NA 2.76 1.68 0.82 2.6 0.67 4.45 1 NA 0.35 2.27 0.31
JaH 479 SHE-B NA NA NA NA NA NA 1.4 3.36 NA 2.18 0.77 0.24 NA 0.02 NA NA NA NA 1.27 0.25
Los Angeles SHE-B 788 314 NA NA 0.74 44.7 3.29 5.9 0.86 4.27 2.16 0.89 2.73 0.65 3.43 0.72 1.99 0.18 2.24 0.32
NWA 2800 SHE-B 157 7 95 NA NA 13.5 1.45 3.78 0.54 2.74 1.03 0.55 1.62 0.29 1.88 0.38 1.06 0.14 0.87 0.12
NWA 2975-2986-2987-4864-4878-488 SHE-B NA NA 0.9 NA 0.29 49.4 1.37 3.32 0.56 2.4 0.95 0.48 1.68 0.33 1.96 0.5 1.38 0.2 1.16 0.17
NWA 3171 SHE-B NA NA 5.3 NA 0.49 80.4 2.87 7.1 1.01 5.17 1.97 0.77 2.97 0.58 4.09 0.84 2.32 0.32 2.07 0.29
NWA 4480 SHE-B NA NA NA NA NA NA 1.85 NA NA NA 2.69 0.86 NA 1.05 NA NA NA NA 4.16 NA
NWA 480-1460 SHE-B NA NA NA NA 0.19 28.4 1.48 3.77 0.62 3.25 1.55 0.76 2.67 0.48 3.05 0.62 1.57 NA 1.33 0.19
NWA 5214 SHE-B 404 14 NA NA 1.14 45.7 3.93 9.5 1.38 6.98 2.67 0.95 4.4 0.81 5.42 1.12 3.13 0.43 2.67 0.38
NWA 5298 SHE-B NA NA 2.6 NA 0.55 102 3.52 8.64 1.24 6.07 2.34 0.91 3.49 0.68 4.66 0.97 2.66 0.38 2.4 0.34
NWA 5718 SHE-B NA NA NA NA NA NA 3.49 8.57 NA 5.92 2.27 0.83 3.63 NA 4.35 NA 2.53 NA 2.23 0.32
NWA 7032-7272 SHE-B NA NA NA NA NA NA 0.54 1.91 0.43 4.05 2.66 0.86 5.37 0.98 6.24 1.29 3.63 0.49 2.91 0.42
NWA 7042 SHE-B NA NA 5.5 NA 0.04 304.9 0.77 1.98 0.31 1.75 1.01 0.62 1.85 0.37 2.5 0.52 1.41 0.2 1.2 0.17
NWA 7257 SHE-B NA NA 8 NA 0.61 81.4 4.15 10.69 1.55 7.64 2.89 0.99 4.31 0.81 5.55 1.16 3.25 0.46 2.88 0.41
NWA 856 SHE-B NA 14 NA NA 0.42 43.7 2.22 5.8 0.79 3.89 2.35 0.9 1.55 0.48 3.12 0.68 1.87 NA 1.68 0.25
NWA 8656 SHE-B NA NA NA NA 0.36 157.5 2.89 7.08 1.03 5.13 1.98 0.78 2.88 0.53 3.85 0.79 2.16 0.32 1.86 0.26
QUE 94201 SHE-B NA 5.3 4.1 4.6 0.03 NA 0.41 1.42 NA 2.6 2.19 1.08 4.3 0.91 5.91 1.21 NA 0.52 3.32 0.5
Shergotty SHE-B 1062 72.65 7.3 0.04 0.49 30 1.97 4.9 0.69 3.76 1.39 0.54 2.24 0.42 3.09 0.65 1.59 0.29 1.54 0.23
Zag 289 SHE-B 412 101 NA NA 0.4 27.4 2.3 5.54 0.81 4.07 1.63 0.6 2.64 0.49 3.38 0.71 2.01 0.28 1.81 0.26
Zagami SHE-B 535 68.8 1.4 NA 0.38 25.8 1.51 3.16 0.51 2.65 1.07 0.46 1.23 0.32 2.08 0.48 1.43 0.24 1.3 0.2
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Table B.1. (continued)
Sample Type Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Th U
ppb ppb ppb ppb ppb ppb ppb ppb ppb
Dho 378 SHE-B 1.49 0.14 NA NA NA NA NA 7.7 NA NA NA NA 0.3 0.1
EETA79001-B SHE-B 1.99 0.08 155 0.03 0.06 0 NA 0.7 NA NA NA 0.8 0.14 0.11
JaH 479 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Los Angeles SHE-B 2.92 0.33 540 NA 0.67 0.27 4.6 10 NA 27 6.74 7.6 0.64 0.13
NWA 2800 SHE-B 0.24 0.02 88 NA 1.12 NA 0.4 0.4 NA 3.6 0.36 1.3 0.13 0.02
NWA 2975-2986-2987-4864-4878-488 SHE-B 1.21 0.13 243 NA NA NA NA NA NA NA 42.78 NA 0.3 0.09
NWA 3171 SHE-B 2.06 0.22 445 NA NA NA NA NA NA NA 1.29 NA 0.49 0.18
NWA 4480 SHE-B 3.16 NA NA NA NA NA NA NA NA NA NA NA 0.24 NA
NWA 480-1460 SHE-B 1.64 0.1 340 NA NA NA NA NA NA NA NA NA 0.22 0.06
NWA 5214 SHE-B 2.23 0.19 451 NA 0.86 0.18 0.7 0.6 NA 38 1.15 29 0.6 0.15
NWA 5298 SHE-B 2.87 0.33 668 NA NA NA NA NA NA NA 1.12 NA 0.73 0.18
NWA 5718 SHE-B NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 7032-7272 SHE-B 1.75 NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 7042 SHE-B 1.28 0.06 123 NA NA NA NA NA NA NA 0.36 NA 0.12 0.09
NWA 7257 SHE-B 3.18 0.34 697 NA NA NA NA NA NA NA 1.21 NA 0.73 0.17
NWA 856 SHE-B 1.78 0.2 475 NA NA NA NA 4 NA NA NA NA 0.41 0.09
NWA 8656 SHE-B 1.79 0.18 291 NA NA NA NA NA NA NA 0.44 NA 0.39 0.1
QUE 94201 SHE-B 3.38 0.03 1 34 0.01 4 NA 1.7 NA 20.9 NA 1.5 0.05 0.02
Shergotty SHE-B 1.95 0.23 417 0.04 0.99 0.58 4.1 15.7 NA 13.1 4.37 2.6 0.35 0.11
Zag 289 SHE-B 2.13 0.18 570 0.5 0.66 0.46 4 152 NA 13 0.77 12.7 0.41 0.11
Zagami SHE-B 1.69 0.19 504 0.06 0.32 0.39 1.7 2.8 NA 12.1 7.88 3.4 0.32 0.11
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Table B.2. Mean chemical compositions of poikilitic and olivine-phyric shergottites. Units are ppm (µg/g), otherwise noted. NA–not
available.
Sample Type Li Be B F Na Mg Al Si P S Cl K Ca Sc Ti V Cr Mn Fe Co
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
ALHA77005 SHE-P 1.41 NA 0.1 22 0.34 16.61 1.43 20.2 0.09 600 14 0.03 2.39 21.2 0.24 155 6796 0.35 15.2 71.5
GRV 99027 SHE-P NA NA NA NA 0.31 17.91 1.09 20.2 NA NA NA 0.02 2.43 21.4 0.2 122 7200 NA 14.9 65.6
LEW 88516 SHE-P NA NA NA 27 0.37 14.81 1.48 21.6 NA 950 29 0.09 3.1 26 0.22 178 6274 NA 15.2 62.1
NWA 1950-7721 SHE-P 1.66 NA 0.4 NA 0.5 16.8 1.6 19.3 0.2 NA NA 0.07 3.02 22.7 0.25 136 6862 0.23 15.5 70.8
NWA 6342 SHE-P 4 NA 1.1 NA 0.3 16.24 1.09 21.5 0.07 900 NA 0.02 3.06 28 0.16 182 5819 0.4 14.9 66
NWA 7397 SHE-P 4.53 NA 5.3 NA 1.39 4.53 5.55 24.2 0.19 NA NA 0.12 8.08 49.5 0.32 257 660 0.32 10.8 30.5
Yamato 793605 SHE-P NA NA NA NA 0.21 16.08 1.02 21.2 NA NA NA 0.02 2.81 24.1 0.17 234 7056 NA 14.9 65.1
DaG 476-489-670-735-876-975-103 SHE-Ol 3.63 NA 14.6 113 0.43 11.66 2.33 22.5 0.13 2700 82 0.04 5.3 30.9 0.23 183 5208 0.35 12.6 51.8
Dho 019-1668-1674 SHE-Ol 3.09 0.03 3.2 NA 0.62 8.96 3.47 22.4 0.16 NA NA 0.05 6.05 33 0.34 181 4234 0.37 14.6 45.2
EETA79001 SHE-Ol 2.47 0.08 1.2 35 0.64 9.35 3.18 23.3 0.29 1726 37 0.03 5.39 38.6 0.47 216 4101 0.39 14.6 47
LAR 06319-12011 SHE-Ol 3.76 NA 1.1 NA 0.84 9.52 3.06 22.2 0.24 NA NA 0.14 4.58 31.8 0.4 199 3767 0.37 15.2 54.9
LAR 12011 SHE-Ol 4.19 NA 26.7 NA 0.83 9.65 3.06 21.5 0.33 NA NA 0.13 5.04 36 0.43 213 4102 0.39 15.3 58.2
LAR 12095 SHE-Ol 1.83 NA 20.6 NA 0.61 10.8 3.12 22.6 0.18 NA NA 0.04 5.44 36.6 0.31 196 4930 0.36 12.5 54.8
LAR 12240 SHE-Ol 1.93 NA 18.3 NA 0.61 11.25 2.99 22.4 0.19 NA NA 0.02 5.1 35.4 0.31 184 4533 0.36 12.9 55.3
NWA 1068-1110-1183-1775-2373-29 SHE-Ol 8.67 0.35 5 NA 0.68 10.4 2.68 21 0.34 1900 NA 0.14 5.19 39.5 0.44 247 3730 0.41 16.9 61.1
NWA 1195 SHE-Ol NA NA NA NA NA 10.91 NA NA NA NA NA NA NA NA NA NA NA NA 11.7 NA
NWA 2990-5960-6234-6710 SHE-Ol 2 NA 2.9 NA 0.91 8.58 3.44 21.6 0.34 1400 NA 0.09 5.68 49.2 0.44 212 2860 0.4 16.4 47.8
NWA 4468 SHE-Ol NA NA NA NA 0.81 NA NA NA NA NA NA NA NA 25.6 NA NA 5780 NA 17.9 72.4
NWA 4925-4527 SHE-Ol NA NA NA NA 0.65 9.59 2.52 20.8 NA NA NA 0.05 4.66 NA 0.47 NA 4310 0.39 13 NA
NWA 5789 SHE-Ol NA NA NA NA 0.42 11.12 2.91 22.9 NA NA NA 0.02 4.65 35.1 0.28 210 5000 0.36 13.3 52.6
NWA 5990 SHE-Ol 2 NA 0.7 NA 0.59 10.94 3.26 19.6 0.45 2200 NA 0.02 4.72 40 0.38 112 2696 0.41 18 52
NWA 6162 SHE-Ol NA NA NA NA 0.39 13.13 2.14 21.8 NA NA NA 0.02 3.64 NA 0.2 112 5632 0.36 14.2 42.5
NWA 8679 SHE-Ol 3.83 NA 30.4 NA 0.96 5.35 3.77 24.4 0.29 NA NA 0.12 8.16 61.5 0.45 323 1419 0.35 11.9 36
RBT 04261-04262 SHE-Ol 3.27 NA 1.1 NA 0.63 12.18 2.32 21.6 0.24 1700 NA 0.08 3.71 27.7 0.32 191 6292 0.4 16.2 65.3
SaU 005-094-008-051-060-090-120 SHE-Ol 2.13 NA 2.4 56 0.51 12.53 2.51 21.7 0.18 1900 143 0.01 4.61 34.3 0.26 188 5004 0.33 13.9 57.3
Tissint SHE-Ol 1.79 NA 3.8 86 0.54 10.97 2.72 21.7 0.23 2300 57 0.03 5.11 39.4 0.35 228 4671 0.38 15.1 58.4
Yamato 980459-497 SHE-Ol NA NA 3.1 NA 0.53 11.27 2.83 23.3 0.15 600 64 0.01 5.05 38.5 0.3 207 4930 0.37 13 52.8
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Table B.2. (continued)
Sample Type Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr Nb Mo Ru Rh Pd Ag Cd In
ALHA77005 SHE-P 307.6 5 61.8 7.2 0.78 0.01 0.23 0.08 0.67 20 5.2 13.9 0.43 0.1 4 1.3 4.7 4.2 4.42 11.07
GRV 99027 SHE-P 314 4.2 59 7.4 0.61 NA NA NA 0.72 8 4.8 15 0.46 NA NA NA 10 NA NA NA
LEW 88516 SHE-P 262.4 NA 58.9 8.3 0.52 NA 0.34 0.05 0.71 18 5.7 13.1 0.51 NA NA NA NA 6.1 8.26 42.7
NWA 1950-7721 SHE-P 296.2 6.2 52.9 8.1 1.5 NA 0.03 NA 1.1 17 6.2 17.3 0.6 0.09 NA NA NA NA NA NA
NWA 6342 SHE-P 294 10.9 43 5.5 0.62 0.08 0.2 NA NA 8 3 9 0.27 NA NA NA NA 6 NA 13
NWA 7397 SHE-P 52.6 7.5 57.9 17.3 1.42 NA 0.05 NA 3.78 71 11.7 36 2.31 0.04 NA NA NA NA NA NA
Yamato 793605 SHE-P 252.8 NA 60.8 6.5 0.71 NA 0.15 0.5 0.5 5 2.5 NA NA 0.03 3 NA NA 2 7.3 12.1
DaG 476-489-670-735-876-975-103 SHE-Ol 244.2 8.8 58.5 8.8 1.58 0.38 0.18 1.04 0.7 73 8.5 9.2 0.15 0.31 NA NA NA NA NA NA
Dho 019-1668-1674 SHE-Ol 72.7 8.8 64.3 10.8 1.9 NA 0.32 0.19 0.52 339 7.6 24.4 0.32 0.52 0.4 0.3 1.7 NA NA NA
EETA79001 SHE-Ol 151.9 10.8 75.1 14.1 1 0.08 0.58 0.26 1.76 35 13 41.1 0.83 0.15 1.9 1.4 12.5 37.4 35.1 46.5
LAR 06319-12011 SHE-Ol 193.8 8.1 54.1 13.5 1.37 NA NA NA 5.47 52 13.1 49.4 3.56 NA 1.5 NA 7.4 NA NA NA
LAR 12011 SHE-Ol 219.1 11 84.1 14.5 1.9 NA 0.07 NA 5.87 46 16.1 59.7 4.13 0.05 NA NA NA NA NA NA
LAR 12095 SHE-Ol 248.8 8 61.1 12.5 1.64 NA 0.06 NA 0.23 25 11.4 14.7 0.21 0.04 NA NA NA NA NA NA
LAR 12240 SHE-Ol 241.9 8.3 66.6 12.2 1.68 NA 0.07 NA 0.24 23 11.4 14.3 0.22 0.05 NA NA NA NA NA NA
NWA 1068-1110-1183-1775-2373-29 SHE-Ol 253 14.5 69 11.6 0.88 NA 0.7 NA 5.28 72 17.6 61.1 4.11 NA NA 3 NA 65 286 35
NWA 1195 SHE-Ol NA NA NA NA NA NA NA NA 0.37 19 NA NA NA NA 6.1 NA 4.1 NA NA NA
NWA 2990-5960-6234-6710 SHE-Ol 285 17.2 80 12.9 1.82 0.21 0.3 NA 2.7 61 13 38 1.34 NA 2.1 2 3.2 26 87 48
NWA 4468 SHE-Ol 325 NA 75 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 4925-4527 SHE-Ol NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 5789 SHE-Ol 210 NA NA NA NA NA NA NA 0.33 25 NA NA NA NA NA NA NA NA NA NA
NWA 5990 SHE-Ol 118.5 19.1 93 12.6 1.65 0.07 0.6 NA NA 24 18 35 0.19 NA NA NA NA 30 75 57
NWA 6162 SHE-Ol 221.5 NA NA NA NA NA NA NA 0.37 29 NA NA NA NA NA NA NA NA NA NA
NWA 8679 SHE-Ol 78.3 11.3 78.1 16.2 1.75 NA 0.05 NA 5.13 61 17.2 57.8 3.48 0.07 NA NA NA NA NA NA
RBT 04261-04262 SHE-Ol 291.4 7.7 70.9 10.6 1.79 NA NA NA 4.15 38 11.3 34.6 3.53 0.4 NA NA NA NA 42 NA
SaU 005-094-008-051-060-090-120 SHE-Ol 289.8 7.9 57.3 9.5 1.17 0.48 0.18 0.28 0.26 109 10.7 11.7 0.17 NA 1.7 NA NA 12.5 NA 32
Tissint SHE-Ol 263.3 12.9 72.3 11.4 1.61 0.13 0.35 0.21 0.36 30 12.2 18.7 0.21 0.05 NA 4 NA 46 86 30
Yamato 980459-497 SHE-Ol 186.5 6.2 76.6 10.7 1.05 NA 0.4 NA NA 17 10 23 0.17 NA NA NA NA 68 NA 27
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Table B.2. (continued)
Sample Type Sn Sb Te I Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
ALHA77005 SHE-P NA 0.68 0.5 1.72 0.04 3.8 0.36 1.14 0.11 0.92 0.47 0.27 0.68 0.17 1.02 0.24 0.53 0.11 0.57 0.08
GRV 99027 SHE-P NA NA NA NA 0.04 3.7 0.2 0.5 0.08 0.45 0.25 0.14 0.57 0.11 0.73 0.16 0.43 0.06 0.37 0.05
LEW 88516 SHE-P NA 1.56 25 0.06 0.13 4.9 0.33 1.4 NA 0.63 0.43 0.23 NA 0.17 1.08 0.23 NA 0.1 0.57 0.09
NWA 1950-7721 SHE-P NA NA 2.2 NA 0.01 13.9 0.61 1.5 0.21 1.21 0.57 0.25 0.93 0.18 1.23 0.26 0.69 0.1 0.59 0.09
NWA 6342 SHE-P 157 7 NA NA NA 5.1 0.08 0.22 0.03 0.2 0.13 0.09 0.29 0.06 0.44 0.1 0.28 0.04 0.27 0.04
NWA 7397 SHE-P NA NA 0.9 NA 0.22 26.5 1.56 3.65 0.51 2.6 1.03 0.51 1.58 0.31 2.12 0.45 1.24 0.19 1.18 0.17
Yamato 793605 SHE-P NA 0.82 2.2 NA 0.03 3.4 0.2 0.46 0.04 0.41 0.31 0.15 0.45 0.11 0.72 0.15 0.45 0.04 0.42 0.07
DaG 476-489-670-735-876-975-103 SHE-Ol NA NA 2.7 5 0.11 76.9 0.12 0.33 0.07 0.47 0.36 0.2 0.75 0.19 1.42 0.3 0.9 0.13 0.82 0.13
Dho 019-1668-1674 SHE-Ol NA 23.33 NA NA 0.09 32.2 0.25 1.16 0.12 0.96 0.56 0.19 1.03 0.21 1.42 0.3 0.87 0.13 0.9 0.15
EETA79001 SHE-Ol 127 12.8 20.5 0.96 0.21 24.2 0.47 1.44 0.21 1.53 0.84 0.4 1.5 0.34 2.38 0.53 1.46 0.21 1.27 0.18
LAR 06319-12011 SHE-Ol NA NA NA NA 0.31 46.1 1.9 4.63 0.65 3.29 1.25 0.51 1.79 0.35 2.4 0.5 1.37 0.19 1.3 0.18
LAR 12011 SHE-Ol NA NA 2.3 NA 0.37 38.9 2.22 5.51 0.81 3.97 1.51 0.57 2.27 0.44 3.05 0.64 1.77 0.26 1.63 0.23
LAR 12095 SHE-Ol NA NA 3.9 NA 0.01 1.7 0.14 0.43 0.09 0.7 0.55 0.31 1.22 0.27 2.04 0.45 1.26 0.18 1.17 0.17
LAR 12240 SHE-Ol NA NA 3.1 NA 0.03 13.1 0.14 0.45 0.09 0.7 0.6 0.32 1.22 0.26 2.05 0.44 1.24 0.18 1.17 0.17
NWA 1068-1110-1183-1775-2373-29 SHE-Ol 621 99 172 NA 0.61 441 2.86 5.83 0.94 4.72 1.71 0.61 2.51 0.46 3.08 0.65 1.79 0.27 1.56 0.22
NWA 1195 SHE-Ol NA NA NA NA NA NA 0.26 0.67 0.11 0.72 0.43 0.29 1.25 0.26 1.83 0.4 1.13 0.16 1.03 0.15
NWA 2990-5960-6234-6710 SHE-Ol 374 75 293 NA 0.52 26 1.21 2.89 0.34 2.02 1.07 0.48 2.02 0.36 2.59 0.53 1.48 0.2 1.23 0.18
NWA 4468 SHE-Ol NA NA NA NA 0.27 NA 1.92 5.1 NA NA 1.06 0.42 NA 0.32 NA NA NA NA 1.13 0.17
NWA 4925-4527 SHE-Ol NA NA NA NA NA NA 0.15 0.44 0.09 0.66 0.57 0.46 1.18 0.25 1.79 0.4 1.14 0.16 1.04 0.15
NWA 5789 SHE-Ol NA NA NA NA NA NA 0.12 0.34 0.07 0.51 0.43 0.26 1.15 0.25 1.81 0.39 1.13 0.16 1.06 0.15
NWA 5990 SHE-Ol 350 49 77 NA NA 2.7 0.25 0.79 0.19 1.55 1.23 0.58 2.47 0.48 3.47 0.73 1.93 0.29 1.76 0.27
NWA 6162 SHE-Ol NA NA NA NA NA NA 0.25 0.66 0.1 0.61 0.43 0.22 0.85 0.18 1.28 0.28 0.82 0.12 0.75 0.12
NWA 8679 SHE-Ol NA NA 4.3 NA 0.32 77 1.94 4.9 0.73 3.68 1.44 0.61 2.23 0.44 3.14 0.65 1.85 0.27 1.7 0.25
RBT 04261-04262 SHE-Ol 110 83 NA NA 0.26 17.4 1.51 3.66 0.54 2.66 1.03 0.41 1.58 0.31 2.11 0.46 1.25 0.18 1.12 0.16
SaU 005-094-008-051-060-090-120 SHE-Ol 222 26 0 1.9 0.01 11.2 0.13 0.41 0.08 0.61 0.5 0.23 1.14 0.22 1.65 0.36 1.06 0.17 0.95 0.14
Tissint SHE-Ol 272 119 22.7 NA 0.01 3.6 0.25 0.95 0.19 1.35 0.83 0.39 1.61 0.31 2.09 0.46 1.3 0.18 1.15 0.17
Yamato 980459-497 SHE-Ol 71 16 NA NA NA 1.6 0.15 0.42 0.08 0.58 0.48 0.26 1.15 0.24 1.74 0.38 1.11 0.16 1.02 0.16
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Table B.2. (continued)
Sample Type Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Th U
ppb ppb ppb ppb ppb ppb ppb ppb ppb
ALHA77005 SHE-P 0.61 0.03 58 0.15 5.76 5.42 NA 0.7 NA 1.7 0.03 NA 0.17 0.02
GRV 99027 SHE-P 0.44 NA 0.46 NA 2.5 2.4 NA NA NA NA NA NA 0.03 0.01
LEW 88516 SHE-P 0.52 0.03 0.14 0.06 2.14 3.18 NA 0.4 NA 4.6 NA 2.4 0.05 0.02
NWA 1950-7721 SHE-P 0.65 0.03 65 NA NA NA NA NA NA NA 0.43 NA 0.05 0.02
NWA 6342 SHE-P 0.29 0.01 50 NA 2.61 1.51 2.8 0.5 NA 2.6 0.12 2.4 0.02 0.01
NWA 7397 SHE-P 1.16 0.12 222 NA NA NA NA NA NA NA 0.54 NA 0.32 0.11
Yamato 793605 SHE-P 0.47 NA 10 0.18 2.47 3.5 2.8 0.2 NA 3.8 NA 0.5 0.01 0.01
DaG 476-489-670-735-876-975-103 SHE-Ol 0.38 0.01 66 0.57 1.78 NA NA 2.1 NA 0 0.24 NA 0.02 0.1
Dho 019-1668-1674 SHE-Ol 0.58 0.04 35 NA NA 0.13 4 NA NA NA 0.76 NA 0.04 0.11
EETA79001 SHE-Ol 1.03 0.05 103 0.55 1.43 1.21 7.3 3.6 NA 7.2 0.3 208.8 0.1 0.02
LAR 06319-12011 SHE-Ol 1.42 0.15 641 0.08 0.76 0.54 4.2 NA NA NA 0.35 NA 0.32 0.08
LAR 12011 SHE-Ol 1.82 0.21 407 NA NA NA NA NA NA NA 0.5 NA 0.45 0.11
LAR 12095 SHE-Ol 0.64 0.01 38 NA NA NA NA NA NA NA 0.05 NA 0.02 0.01
LAR 12240 SHE-Ol 0.6 0.02 37 NA NA NA NA NA NA NA 0.21 NA 0.02 0.01
NWA 1068-1110-1183-1775-2373-29 SHE-Ol 1.7 0.2 432 1.1 1.08 0.81 4.4 1.7 NA 27 1.78 8.4 0.46 0.12
NWA 1195 SHE-Ol NA NA NA 0.24 4.05 3.3 6.8 NA NA NA NA NA NA NA
NWA 2990-5960-6234-6710 SHE-Ol 1.32 0.1 146 0.73 0.44 0.88 4.2 1.4 NA 21 0.99 7 0.21 0.08
NWA 4468 SHE-Ol 1.5 NA NA NA NA NA NA NA NA NA NA NA 0.32 NA
NWA 4925-4527 SHE-Ol NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 5789 SHE-Ol 0.49 NA NA NA 5.4 NA 1.6 NA NA NA NA NA NA NA
NWA 5990 SHE-Ol 1.44 0.01 67 1.5 NA NA 3 6 NA 9.3 0.34 30 0.03 0.03
NWA 6162 SHE-Ol 0.46 NA NA NA NA NA NA NA NA NA NA NA NA NA
NWA 8679 SHE-Ol 1.8 0.18 338 NA NA NA NA NA NA NA 0.94 NA 0.38 0.11
RBT 04261-04262 SHE-Ol 1.21 0.18 358 NA NA NA NA NA NA NA 0.21 NA 0.3 0.07
SaU 005-094-008-051-060-090-120 SHE-Ol 0.47 0.02 21 0.5 0.7 0.7 4.8 1 NA 6.6 0.29 3.8 0.02 0.07
Tissint SHE-Ol 0.78 0.01 40 3.6 1.72 1.44 2.3 3.4 NA 17 0.36 55 0.03 0.01
Yamato 980459-497 SHE-Ol 0.76 0.01 24 0.4 1.74 0.31 2.6 1.8 NA 8.2 0.2 2.1 0.03 0.01
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Table B.3. Mean chemical compositions of nakhlite, chassignite, and Allan Hills 84001. Units are ppm (µg/g), otherwise noted.
NA–not available.
Sample Type Li Be B F Na Mg Al Si P S Cl K Ca Sc Ti V Cr Mn Fe Co
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
Governador Valadares NAK NA NA NA NA 0.5 6.59 0.92 23.1 NA NA NA 0.25 11.02 57.4 0.21 NA 1694 NA 15.2 40
Lafayette NAK 4.35 NA 0.8 60.3 0.32 7.49 0.89 22.6 0.05 424 107 0.09 9.24 55.6 0.19 164 1736 0.41 16.6 40.5
MIL 03346-090030-32-136 NAK 4.45 NA 1.2 NA 0.75 5.7 1.97 23.4 0.08 600 NA 0.22 10.72 51.9 0.31 204 1347 0.34 14.3 34.1
MIL 090030 NAK 5.8 NA 1.9 NA 0.84 6.5 1.95 21.4 0.1 NA NA 0.23 9.85 52.1 0.4 206 1775 0.41 16.2 53.1
MIL 090032 NAK 4.37 NA 1.2 NA 0.77 5.79 1.76 24.2 0.06 NA NA 0.19 10.36 54.2 0.37 207 1297 0.35 12.8 38.8
MIL 090136 NAK 4.59 NA 1.3 NA 0.8 5.7 1.88 23.7 0.09 NA NA 0.23 9.99 51 0.38 199 1290 0.36 13.7 40.6
Nakhla NAK 4.47 NA 2.8 57.4 0.38 7.09 0.92 22.9 0.05 379 NA 0.1 10.87 56.2 0.2 205 2017 0.39 15.3 49.8
NWA 10153 NAK 6.65 NA 1 NA 0.97 5.09 1.95 24 0.12 NA NA 0.26 9.38 45.9 0.4 187 1087 0.36 14.2 36.4
NWA 10645 NAK 7.75 NA 1.7 NA 1.66 6.33 2.75 19.3 0.16 NA NA 0.42 10.79 30.7 0.44 184 1046 0.39 16.6 33.8
NWA 11013 NAK 6.29 NA 1.8 NA 1.22 4.59 2.48 25.1 0.14 NA NA 0.36 9.92 48.7 0.43 191 1144 0.29 11.7 27.4
NWA 6148 NAK 8.37 0.5 4.9 NA 1.35 4.42 2.75 23.2 0.21 300 NA 0.48 8.51 43.8 0.48 175 571 0.38 16.1 39.1
NWA 817 NAK 6.61 0.44 5.6 NA 0.83 5.87 1.83 23.8 0.15 NA NA 0.31 9.35 45 0.37 175 1485 0.36 14.7 45.5
NWA 998 NAK 4.82 NA 0.7 NA 0.49 6.79 1.19 24.4 0.05 NA NA 0.15 9.43 52.5 0.27 218 1824 0.35 13.3 48
Yamato 000593-749-802 NAK 4.87 NA 2.5 NA 0.47 6.43 1.06 22.9 0.06 NA 82 0.13 10.25 57.1 0.24 194 1794 0.38 16 59.9
Chassigny CHS 2.1 NA 5.1 14.2 0.18 19.26 0.36 17.5 0.05 118 46 0.04 0.6 5.8 0.06 41 4988 0.4 20.7 112.7
NWA 2737 CHS 4.06 NA 0.9 NA 0.12 21.99 0.59 18.1 0.05 NA NA 0.04 0.86 5.8 0.08 60 11024 0.29 14.6 82.4
ALH 84001 ALH 84001 NA NA NA NA 0.11 14.97 0.67 24.5 NA 110 8 0.02 1.34 12.6 0.13 204 7724 NA 13.6 43.5
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Table B.3. (continued)
Sample Type Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr Nb Mo Ru Rh Pd Ag Cd In
Governador Valadares NAK 80 NA 66.6 3 NA NA 0.08 2.5 3.77 64 NA NA NA NA NA NA NA 34.2 50.8 18
Lafayette NAK 93.6 7.6 72 3.4 2.38 NA 0.07 0.38 2.73 69 3.8 8.1 1.48 NA NA NA NA 37.5 91.13 20.63
MIL 03346-090030-32-136 NAK 54 11.3 63.5 6.9 1.94 NA NA NA 4.34 121 8.1 22.1 3.72 NA NA NA NA NA NA NA
MIL 090030 NAK 77.9 13.2 94.3 7.8 2.36 NA NA NA 5.79 137 10.2 26.5 3.9 NA NA NA NA NA NA NA
MIL 090032 NAK 52.5 9.4 65.6 7 1.85 NA NA NA 3.37 117 7.4 19.8 3.26 NA NA NA NA NA NA NA
MIL 090136 NAK 52.9 10.3 65.4 7.3 2.09 NA NA NA 4.91 128 7.8 23.4 3.63 NA NA NA NA NA NA NA
Nakhla NAK 84.8 10.2 79.2 3.9 2.46 0.07 4.81 NA 3.72 64 3.8 9.3 1.54 0.11 NA NA 42 424.5 94.2 19.73
NWA 10153 NAK 41.7 8.2 71.8 7.7 2.22 NA NA NA 7.32 158 9 25.7 4.35 NA NA NA NA NA NA NA
NWA 10645 NAK NA 6.2 83.1 7.8 1.86 NA NA NA 7.87 179 9.6 26.5 3.81 NA NA NA NA NA NA NA
NWA 11013 NAK 32.2 12.3 64.4 9.2 2 NA NA NA 9.93 202 11.2 35 5.69 NA NA NA NA NA NA NA
NWA 6148 NAK 37.6 21.8 89.9 10.4 2.48 0.6 0.6 NA 8.27 218 12.5 44.7 7.07 NA NA 2 NA 34 178 41
NWA 817 NAK 62.8 13 72.3 7.3 2.26 0.67 NA 0.97 6.35 159 10 29.6 4.9 0.17 NA NA NA NA NA NA
NWA 998 NAK 86.6 7.1 77 4.2 2.07 NA NA NA 2.09 69 5.1 10.6 1.76 NA NA NA NA NA NA NA
Yamato 000593-749-802 NAK 105.5 7.1 84.2 4.1 2.23 NA NA 0.17 3.51 83 4.7 10.4 1.88 NA NA NA NA NA NA NA
Chassigny CHS 460.3 2.8 76.5 0.8 1.2 0.01 0.05 0.13 0.6 9 0.7 1.9 0.39 NA NA NA NA 2.6 11.75 17.45
NWA 2737 CHS 831.4 6 50.6 1.5 1.69 NA NA NA 1.19 26 1.5 5.5 1 0.15 NA NA NA NA NA NA
ALH 84001 ALH 84001 5.3 NA 92.5 3 1.09 NA 0.23 0.07 0.57 4 1.6 5.9 0.42 0.01 NA NA NA 0.3 90.4 22.75
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Table B.2. (continued)
Sample Type Sn Sb Te I Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Governador Valadares NAK NA 6.3 6.4 NA 0.42 40 2.27 6 NA 3.39 0.79 0.25 NA 0.12 NA NA NA NA 0.41 0.06
Lafayette NAK NA 57.5 3.1 0.05 0.3 25 1.95 5.33 0.82 3.38 0.84 0.24 0.91 0.12 0.88 0.16 0.41 0.06 0.35 0.05
MIL 03346-090030-32-136 NAK NA NA NA NA 0.27 57.3 4.47 11.68 1.73 7.78 1.77 0.53 1.82 0.29 1.66 0.33 0.87 0.13 0.8 0.12
MIL 090030 NAK NA NA NA NA 0.57 65.7 5.51 13.93 2.13 9.6 2.13 0.63 2.17 0.33 1.98 0.38 1.06 0.15 0.94 0.14
MIL 090032 NAK NA NA NA NA 0.25 55.1 3.48 11.98 1.4 6.33 1.49 0.49 1.55 0.24 1.46 0.28 0.78 0.11 0.72 0.11
MIL 090136 NAK NA NA NA NA 0.31 58.1 4.2 12.83 1.6 7.1 1.66 0.54 1.69 0.26 1.56 0.31 0.84 0.12 0.77 0.11
Nakhla NAK 580 91.2 6.7 4.38 0.48 30.4 1.99 5.28 0.76 3.22 0.81 0.24 0.9 0.13 0.78 0.15 0.39 0.05 0.36 0.05
NWA 10153 NAK NA NA NA NA 0.19 76.4 5.01 13.08 1.9 8.46 1.94 0.61 1.94 0.3 1.84 0.36 0.97 0.14 0.86 0.13
NWA 10645 NAK NA NA NA NA 0.16 99.3 6.01 15.31 2.14 9.55 2.05 0.63 2.14 0.31 2.01 0.38 1.01 0.13 0.9 0.13
NWA 11013 NAK NA NA NA NA 0.26 230.2 7.35 18.51 2.66 11.24 2.47 0.8 2.55 0.38 2.27 0.44 1.22 0.16 1.04 0.15
NWA 6148 NAK 466 28 NA NA 0.28 317.4 9.33 23.56 3.25 13.7 2.85 0.88 2.82 0.43 2.56 0.5 1.36 0.18 1.17 0.17
NWA 817 NAK NA 0.03 NA NA 0.21 176.2 6.39 16.05 2.28 9.73 2.11 0.63 2.12 0.32 1.93 0.37 1.01 0.14 0.87 0.13
NWA 998 NAK NA NA NA NA 0.07 44.9 1.72 4.8 0.72 3.36 0.79 0.25 0.82 0.13 0.8 0.16 0.43 0.06 0.41 0.07
Yamato 000593-749-802 NAK NA NA NA 0.38 0.31 33.6 2.47 7.09 0.94 4.24 1.18 0.32 1.08 0.16 1 0.2 0.51 0.07 0.46 0.07
Chassigny CHS NA 1.14 39.5 NA 0.05 6.5 0.51 1.25 0.17 0.67 0.14 0.11 0.13 0.03 0.16 0.04 0.08 0.01 0.09 0.01
NWA 2737 CHS NA NA NA NA 0.05 33.7 1.32 3.21 0.38 1.51 0.3 0.09 0.3 0.05 0.28 0.06 0.15 0.03 0.15 0.02
ALH 84001 ALH 84001 NA 0.81 1.5 NA 0.03 4 0.22 0.58 0.06 0.27 0.14 0.04 0.15 0.04 0.28 0.07 0.21 0.04 0.29 0.05
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Table B.3. (continued)
Sample Type Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Th U
ppb ppb ppb ppb ppb ppb ppb ppb ppb
Governador Valadares NAK 0.37 0.09 NA NA NA NA NA 1.1 NA 3.6 NA 3 0.15 0.07
Lafayette NAK 0.3 0.1 169 0.03 NA 0.09 NA 19.3 NA 6.3 0.59 3.9 0.2 0.05
MIL 03346-090030-32-136 NAK 0.7 0.21 137 NA NA NA NA NA NA NA 1.2 NA 0.43 0.1
MIL 090030 NAK 0.89 0.22 311 NA NA NA NA NA NA NA 1.2 NA 0.5 0.12
MIL 090032 NAK 0.67 0.19 254 NA NA NA NA NA NA NA 1.03 NA 0.4 0.09
MIL 090136 NAK 0.78 0.21 300 NA NA NA NA NA NA NA 0.95 NA 0.46 0.1
Nakhla NAK 0.28 0.09 201 0.04 0.27 7.17 17.2 1 230 3 0.73 3.1 0.19 0.05
NWA 10153 NAK 0.8 0.24 367 NA NA NA NA NA NA NA 1.1 NA 0.47 0.13
NWA 10645 NAK 0.9 0.26 52 NA NA NA NA NA NA NA 1.53 NA 0.49 0.17
NWA 11013 NAK 1.07 0.33 489 NA NA NA NA NA NA NA 1.44 NA 0.82 0.21
NWA 6148 NAK 1.32 0.41 645 1.3 0.51 0.32 3.5 5.5 NA 24 3.72 16 0.97 0.24
NWA 817 NAK 0.85 0.27 397 NA NA NA NA 0 NA NA 1.36 NA 0.64 0.14
NWA 998 NAK 0.37 0.1 137 NA NA NA NA NA NA NA 0.76 NA 0.2 0.05
Yamato 000593-749-802 NAK 0.37 0.11 217 NA NA NA NA NA NA NA 0.81 NA 0.24 0.06
Chassigny CHS 0.06 0.03 49 0.23 1.25 2.99 NA 1.7 NA 3.3 0.26 0.5 0.05 0.02
NWA 2737 CHS 0.16 0.07 93 NA NA NA NA NA NA NA 6.23 NA 0.14 0.07
ALH 84001 ALH 84001 0.15 0.03 62 0 0.04 0.07 2.3 0.1 NA 0.1 NA NA 0.07 0.01
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Appendix C
Supplementary materials of Chapter 4
C.1 Introduction
The supporting information contain details of calculations of thermal and elastic properties
of planetary bodies and CAI-free composition of CV chondrites.
C.2 Heat production in terrestrial planets
Internal heat production of Mars is calculated using the BSM abundances of heat-producing
elements (HPE) 40K, 232Th, 235U and 238U (Yoshizaki and McDonough, 2020b), and their stan-
dard decay constants (McDonough et al., 2020 and references therein). The martian core con-
tributes negligibly to the radiogenic heating of the planet as it is predicted to contain insignificant
quantities of HPE. Heat production in the martian crust is calculated for a crust with 3740 ppm
K, 700 ppb Th and 180 ppb U (Taylor andMcLennan, 2009). Abundances of HPE in the martian
mantle are based on mass-balance considerations
X iMm =






where X ij is concentration of HPE i (
40K, 232Th, 235U and 238U) in the reservoir j (Mm, Mc, and
BSM are martian mantle, martian crust and the bulk silicate Mars, respectively) and M j is mass
of reservoir j (Table 4.2). For XBSM of 360 ppm K, 68 ppb Th and 18 ppb U (Yoshizaki and
McDonough, 2020b) and XMc from Taylor and McLennan (2009), Equation (C.1) yields 190






where HBSM is heat production in the bulk silicate Mars, R is surface area of Mars, FMars is
the average surface heat flow (20 ± 1 mW/m2; Parro et al., 2017). Similarly, the internal heat
production in Earth is calculated based on compositions of the BSE and Earth’s crust from
McDonough (2014) and Rudnick and Gao (2014), respectively, FEarth from Jaupart et al. (2015),
and mass and density of the crust from Wipperfurth et al. (2020).
C.3 Rayleigh number of the martian mantle





where α is thermal expansion coefficient, ρ is density of the martian mantle, g is graviational
acceleration, H is heat production in the present-daymartianmantle, d is thickness of themartian
mantle, k is thermal conductivity, µ is viscosity and κ is thermal diffusivity. We take α = 3 × 105
K−1, g = 3.7 m/s2, k = 4 W/m/K, µ = 1021–1023 Pa s, and κ = 10−6 m2/s (Turcotte and Schubert,
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2014; Samuel et al., 2019) and obtain Ra = 3 × 105 – 3 × 107.
C.4 CAI-free bulk composition of CV chondrite
Abundances of the MVE are apparently lower in CV chondrites than other carbonaceous
chondrites, because of their higher abundance of refractory inclusions. Since relative abundance
of refractory lithophile elements in Earth and Mars are distinct from that of CAIs and bulk
CV, it is unlikely that the planetary MVE fractionation is inherited from CV CAI-like materials
(Stracke et al., 2012; Dauphas and Pourmand, 2015; Barrat et al., 2016a). Therefore, to evaluate
contribution of CV chondrules in the bulk CV composition, we calculated a CAI-free chemical
composition of bulk CV chondrites using mean composition of unaltered CV CAIs (Mason and
Martin, 1977; Sylvester et al., 1993; Simon and Grossman, 2004), modal abundance of CAIs
in CV (3 vol%; Hezel et al., 2008), and the bulk CV composition (Alexander, 2019a). The
calculated CAI-free bulk CV composition is shown in Figures 4.16 and 4.17.
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